',\' frontiers
in Immunology

ORIGINAL RESEARCH
published: 07 November 2016
doi: 10.3389/fimmu.2016.00476

OPEN ACCESS

Edited by:
Emanuela Marcenaro,
University of Genoa, ltaly

Reviewed by:

Emily Mace,

Baylor College of Medicine, USA
Federico Simonetta,

Stanford University, Switzerland

*Correspondence:
Alejandra Pera
alejandrapera@gmail.com;
Rafael Solana
rsolana@uco.es

"Nelson Lopez-Sejas and
Carmen Campos have contributed
equally to the manuscript.

*Present address:

Alejandra Pera,

Brighton and Sussex Medical School,
University of Sussex, Brighton, UK

Specialty section:

This article was submitted to
NK Cell Biology,

a section of the journal
Frontiers in Immunology

Received: 371 July 2016
Accepted: 19 October 2016
Published: 07 November 2016

Citation:

Lopez-Sejas N, Campos C,
Hassouneh F, Sanchez-Correa B,
Tarazona R, Pera A and Solana R
(2016) Effect of CMV and Aging on
the Differential Expression of
CD300a, CD161, T-bet, and Eomes
on NK Cell Subsets.

Front. Immunol. 7:476.

doi: 10.3389/fimmu.2016.00476

®

Check for
updates

Effect of CMV and Aging on the
Differential Expression of CD300a,
CD161, T-bet, and Eomes on

NK Cell Subsets

Nelson Lopez-Sejas’", Carmen Campos', Fakhri Hassouneh', Beatriz Sanchez-Correa?,
Raquel Tarazona? Alejandra Pera'* and Rafael Solana’*
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Natural killer (NK) cells are innate lymphoid cells involved in the defense against virus-
infected cells and tumor cells. NK cell phenotype and function is affected with age and
cytomegalovirus (CMV) latent infection. Aging affects the frequency and phenotype of
NK cells, and CMV infection also contributes to these alterations. Thus, a reduction
of CD56P19" NK cell subpopulation associated with age and an expansion of memory-
like NK cells CD569™CD57+NKG2C* probably related to CMV seropositivity have
been described. NK cells express T-bet and Eomes transcription factors that are
necessary for the development of NK cells. Here, we analyze the effect of age and
CMV seropositivity on the expression of CD300a and CD161 inhibitory receptors, and
T-bet and Eomes transcription factors in NK cell subsets defined by the expression
of CD56 and CD57. CD300a is expressed by the majority of NK cells. CD569n
NK cells express higher levels of CD300a than CD569™ NK cells. An increase in the
expression of CD300a was associated with age, whereas a decreased expression of
CD161 in CD569M NK cells was associated with CMV seropositivity. In CD569™ NK
cells, an increased percentage of CD57+CD300a* and a reduction in the percentage
of CD161+CD300a* cells were found to be associated with CMV seropositivity.
Regarding T-bet and Eomes transcription factors, CMV seropositivity was associated
with a decrease of T-bet" in CD569™CD57+ NK cells from young individuals, whereas
Eomes expression was increased with CMV seropositivity in both CD569"t and
CD569mCD57+~ (from middle age and young individuals, respectively) and was
decreased with aging in all NK subsets from the three group of age. In conclusion,
CMV infection and age induce significant changes in the expression of CD300a and
CD161 in NK cell subsets defined by the expression of CD56 and CD57. T-bet and
Eomes are differentially expressed on NK cell subsets, and their expression is affected
by CMV latent infection and aging.
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INTRODUCTION

Natural killer (NK) cells are lymphocytes of innate immune
response responsible for killing virus-infected cells and tumor
cells. Frequency, phenotype, and function of NK cell subsets
change in aging, and these changes are considered part of a
general process of age-associated immune dysfunctions defined
as immunosenescence (1-4). Immunosenescence affects adap-
tive and innate immunity, and it is associated with increased
incidence and severity of infections and decreased response to
vaccination (5-11).

It has been shown that percentage of CD56%™ NK cell subset
(the main subset of NK cells and most cytotoxic) is increased (12,
13) or maintained (14) by age, whereas percentage of immature
CD56i8h NK cells is decreased (12-15). On the other hand, the
expression of different receptors on NK cells is also altered in
aging (16-18). It has been found a decrease in the expression of
natural cytotoxicity receptors (such as NKp30 and NKp46) and
activating receptor DNAM-1 on CD56%™ NK subset (3, 19-21)
an increased expression of CD57 (18, 20, 22), as well as reciprocal
changes in NKG2A and killer immunoglobulin-like (KIR) inhibi-
tory receptors, associated with age (18, 20, 22).

Human cytomegalovirus (CMV) chronic infection is related
to a deterioration of the immune system that affect adaptive and
innate immunity, and it has been postulated that CMV infection
is a major driving force contributing to immunosenescence (10,
23, 24). CMV is a human herpesvirus type 5 (HHV5), which
replicate in different cell types. Although CMV seropositivity is
influenced by geographic, ethnic, and socio-economical factors,
it has been shown that it increases with age in all populations
studied (25). CMV prevalence is very high in Spain and more
than 80% of individuals over the age of 40 years are CMV-
seropositive (26).

Cytomegalovirus seropositivity can reshape the repertoire
of NK cells (2, 27), particularly with an expansion of NKG2C*
NK cells, which also coexpress CD57 marker (14, 28, 29).
Recent studies stratifying donors according to CMV serology
have shown that increase of CD57 expression on CD56%™ NK
cells is related to CMV seropositivity rather than aging (14)
as well as the decreased expression of other surface receptors
of NK cells, such as NKp30 (30) or CD161 (31). Thus, aging
is associated with a loss of CD56"™¢" NK cell subpopulation
(probably due to a decrease in the production of new NK cells
in the bone marrow) and an expansion of memory-like NK
cells CD56%"CD57*NKG2C* that is mainly related to CMV
seropositivity [reviewed in Ref. (2)].

Although it is well established that aging and CMV infection
are associated with changes in NK cells, including alterations in
the expression of activating (e.g., NCRs, NKG2C, and DNAM-1)
and inhibitory receptors (e.g., KIR and NKG2A), little is known
on the effect of aging and CMV on the expression of other inhibi-
tory receptors such as CD300a and CD161 in NK cell subpopula-
tions. CD300a is an inhibitory receptor expressed by NK cells
that belongs to the CD300 family of molecules. These receptors
are broadly expressed on immune cells and modulate their func-
tion via paired activating and inhibitory receptors that recognize
lipids exposed on the plasma membrane of dead and activated

cells including aminophospholipids such as phosphatidylserine
(PS) and phosphatidylethanolamine (PE) (32). The analysis of
its expression can be used in diagnosis and therapy in several
pathological situations including infectious diseases, allergy, or
cancer [for review, see Ref. (33)]. The human CD161 inhibitory
receptor (also termed NKR-P1A, KLRBI, and CLEC5B) was
originally described as a disulfide-linked homodimer of the
C-type lectin superfamily expressed on subsets of NK cells and
T Iymphocytes (34) that binds the lectin-like transcript 1 (LLT1,
also named CLEC2D, OCIL, and CLAX) (35, 36). The binding
of CD161 on NK cells with its ligand on target cells results in
inhibition of NK cell cytotoxicity by a mechanism involving
the activation of acid sphingomyelinase (37). CD161 can also
be expressed on subsets of other cells of the immune system,
and different functional capacities have been shown after the
interaction with its ligand, which can be upregulated during
the immune response and during pathological circumstances.
The current knowledge of NKRP1 receptors and their geneti-
cally linked CLEC2 ligand in human and other species has been
recently reviewed (38, 39).

Natural killer cells are included in group 1 of the innate
lymphoid cell (ILC), characterized by the release of interferon-
gamma (IFN-y) upon stimulation, and by the expression of
T-bet and eomesodermin (Eomes) transcription factors
(40-42). Both T-bet and Eomes are constitutively expressed by
murine (43) and human (44, 45) NK cells and are necessary
for the proper development of NK cells (46), sharing several
functions. It has been observed that the frequency of T-bet*
cells and the level of T-bet expression per cell is significantly
greater in the CD56%™ population compared to the CD56"
population from peripheral human immune cells, contrary to
Eomes expression pattern, suggesting the existence of a relation-
ship among the expression levels of both transcription factors
and the functionality of these cells (45). Thus, T-bet is related
to terminal stages of maturation, while Eomes is downregulated
during peripheral maturation (47).

Considering that aging affects the frequency and phenotype
of NK cells and that CMV infection contributes to age-associated
changes in NK cells; in this work, we have analyzed the effect
of age and CMV seropositivity on inhibitory receptors CD300a
and CD161 in NK cell subpopulations. Additionally, we have
investigated the effect of age and CMV infection on T-bet and
Eomes transcription factors expression in the CD56™¥CD57-,
CD56YmCD57-, and CD56“"CD57+ NK cell subsets.

MATERIALS AND METHODS

Study Subjects

A total of 72 healthy adults voluntarily participated in the study,
stratified according to age: 18-35 years (young), 40-65 years
(middle age), and >70 years (old). Young and middle age
donors were further divided according to CMV serology
(CMV-seropositive and CMV-seronegative). However, all elderly
donors included in the study were CMV-seropositive, given that
the prevalence of CMV seropositivity in Spain in individuals
over the age of 40 years is 80% (26) and, in our geographic area
(Andalusia, Southern Spain), about 99% of individuals over
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65 years are CMV-seropositive. Thus, the absence of a group
of CMV-seronegative old donors represents a limitation of the
study, making difficult to isolate age-related effect from the effect
of chronic CMV infection in elderly individuals.

All donors were informed and signed informed consent to
participate in the study and were included according to follow-
ing inclusion criteria: no infection at the time of extraction, not
suffer or have suffered cancer or autoimmune diseases, and not
be under immunosuppressive drugs or calcium channel block-
ers. The study was approved by the Ethics Committee of Hospital
Universitario Reina Sofia of Cérdoba (Spain).

Sample Collection and Processing

Peripheral blood mononuclear cells (PBMCs) were obtained from
blood samples (collected in lithium heparin tubes) and isolated
by density gradient centrifugation using Ficoll Histopage-1077
(Sigma-Aldrich, St. Louis, MO, USA). Aliquots of cells were cryo-
preserved in FBS (Sigma-Aldrich, St Louis, MO, USA) with 10%
DMSO (Panreac Chemistry SAU, Barcelona, Spain) in cryotubes
at concentrations 5-6 X 10° cells/mL until further use.

A sample of plasma or serum was retrieved from all donors
to analyze CMV-specific IgG and IgM. CMV serology was deter-
mined by using automated enzyme-linked immunosorbent assay
(ELISA) (DRG International, Mountainside, NY, USA).

Analysis of NK Cell Receptors by
Flow Cytometry

For surface marker analysis and computation of frequency of cells
expressing CD57, CD161, or CD300a, cryopreserved PBMCs
were used. Cell thawing was carried out in RPMI 1640 (Sigma-
Aldrich) with 20% FBS (Gibco, Life Technologies California,
USA). For flow cytometry staining, the following antibodies
(mAbs) were used: anti-CD3 PerCP (clone: BW 264/56, Miltenyi
Biotec), anti-CD56 PE-Cy7 (clone: B159, BD Pharmingen), anti-
CD57 VioBlue (clone: TB03, Miltenyi Biotec), anti-CD300a PE
(clone: E59.126, Beckman Coulter), and anti-CD161 APC (clone:
DX12, BD Pharmingen). Cells were acquired on a MACSQuant
cytometer (Miltenyi Biotec, Bergisch Gladbach, Germany).
Compensation for flow cytometry was performed using single
cell staining.

Data were analyzed using FlowJo v10 (Tree Star, Inc.).
CD3CD56" NK cells were gated from total peripheral blood lym-
phocytes (PBLs), after singlets gating (Figure S1 in Supplementary
Material). Two NK cell subsets were defined (CD56" and
CD56%) according to the level of CD56 marker expression.
Subsequently, cells were gated according to the coexpression of
CD57, CD161, and CD300a markers. Fluorescence minus one
controls (FMO control) were used to identify and gate cells. FMO
controls contain all the fluorochromes of the panel, except the one
that was being measured. Analysis of coexpression of the three
receptors was performed using FlowJo's Boolean gating options.

Transcription Factors Expression Analysis
The expression of T-bet and Eomes transcription factors was
analyzed using cryopreserved PBMCs, thawed as indicated
above. Surface staining was performed using anti-CD7 APC

(clone: M-T701, BD Pharmingen), anti-CD56 BV421 (clone:
NCAM16.2, BD Horizon), anti-CD16 PE- Vio770 (clone: VEP13,
Miltenyi  Biotec), anti-CD57 Biotin-Anti-Biotin-Viogreen
(Miltenyi Biotec), and anti-CD3/anti-CD14/anti-CD19 con-
jugated with APC-Vio770 (clones: BW264/56, TUK4, LT19
Miltenyi Biotec). After cell fixation and permeabilization using
the Kit FoxP3 Staining Buffer Set (Miltenyi Biotec), following the
manufacturer’s instructions, intracellular staining was realized
with anti-T-bet PerCP Cy5.5 (clone: 04-46, BD Pharmingen) and
anti-Eomes FITC (clone: WD1928, eBioscience) antibodies. Cells
were then acquired on a 10 parameter MACSQuant cytometer
(Miltenyi Biotec, Bergisch Gladbach, Germany).

Data were analyzed using FlowJo v10 (Tree Star, Inc.). Once
selected the CD7*CD3-CD19-CD14" cells from PBLs singlets,
three populations of NK cells were described: CD56"*¢"CD57-,
CD56%"CD57-, and CD56%"CD57*. Then, the intracellular
expression of T-bet and Eomes was measured in each of these
three subpopulations (Figure S2 in Supplementary Material).
FMO controls and flow cytometry compensation were performed
as indicated above.

Processing of Data and Statistical

Analysis

For statistical analysis, Shapiro-Wilk normality test was
performed for different groups. Since the distribution of meas-
ured values was not normal, the groups were evaluated by the
non-parametric Kruskal-Wallis test (for comparison multiple)
and Mann-Whitney test (for comparison sample pairs).
Non-parametric Friedman test (for comparison multiple) and
Wilcoxon test were used to test for differences between groups
when the samples are related. The results are shown in graphs
with interquartile medium range using GraphPad Prism (version
5.0), and analysis of Boolean gating data was performed by SPICE
5.35 software (Mario Roederer, ImmunoTechnology Section,
Vaccine Research Centre, NIH, Bethesda, MD, USA; http://www.
niaid.nih.gov) (48). To compare the pie charts, we used SPICE’s
permutation analysis, which asks how often the samples that
comprise two different pies charts, would be different simply by
chance (10,000 permutations). All statistical analysis was per-
formed with SPSS 18.0 (SPSS Inc., Chicago, IL, USA). p-Values
<0.05 were considered significant.

RESULTS

Increase of CD300a and Decrease of
CD161 Expression from CMV-Seropositive

Old Individuals

We analyzed by flow cytometry the expression of CD300a and
CD161 inhibitory receptors on NK cells (CD56™" and CD56%™)
from healthy individuals stratified by age and CMV latent infec-
tion. Our data showed that both receptors exhibit a differential
expression pattern. Particularly, the majority of CD56%" and
CD56" NK cells expressed CD300a, whereas CD161 was
expressed on a subpopulation of NK cells regardless of the
NK cell subset analyzed (Figure S1 in Supplementary Material).
Moreover, when we gated the NK cell subsets according to CD56
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and CD300a (referred to CD3" cells), we observed that the major-
ity of CD56"" NK cells were CD300a", whereas a high percent-
age of CD56%™ NK cells were CD300a" (Figure 1A). Analysis
of the effect of age and CMV seropositivity on the expression
of these receptors by NK cell subsets (gating strategy in Figure
S1 in Supplementary Material) showed an increase of CD300a
on CD56# and CD56%™ subsets from CMV-seropositive old

individuals compared with middle-aged and young donors
(independently of CMV seropositivity) (Figure 1B).

The analysis of CD161 expression on CD56%™ NK cells
showed that young CMV-seronegative donors expressed higher
levels of CD161 than young CMV-seropositive or middle age
CMV-seronegative individuals, supporting that CMV and age
independently associated with decreased expression of CD161 in
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FIGURE 1 | CD300a and CD161 expression on CD56™ and CD56"9" NK cells from young, middle age, and old individuals, according to CMV
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(A) Differential expression of CD300a on NK cell subsets. NK cells were defined as CD3-CD56* and characterized by CD300a expression as CD56°9"CD300a" and
CD56mCD300a". (B) Effect of age and CMV seropositivity on the expression of CD300a and CD161. Expression (percentage) of CD300a and CD161 markers was
determined on NK cell subsets from young CMV-seronegative (n = 22), young CMV-seropositive (n = 15), middle age CMV-seronegative (n = 8), middle age
CMV-seropositive (n = 13), and old CMV-seropositive donors (n = 14). CD56*CD3- NK cells were gated from singlets peripheral blood lymphocytes (PBLs). Then,
two NK cell subsets were defined (CD56"" and CD56%™) according to the level of CD56 marker expression, and cells were gated according to the expression of
CD57, CD161, and CD300a markers. Non-parametric Kruskal-Wallis test (for multiple comparisons) and Mann-Whitney test (for paired comparisons) was used.
Graphs showed the median with interquartile range, and results were considered significant at *po < 0.05, *p < 0.01, and ***p < 0.001.

this NK cell subset. On the contrary, the expression of CD161
on CD56™¢" NK cells was not affected by CMV seropositivity
in young donors, whereas it was decreased in middle age CMV-
seronegative individuals. The expression of CD161 was lower on
both NK cell subsets in middle age and old CMV-seropositive
donors compared with young CMV-seronegative individuals
(Figure 1B).

These results indicate an expansion of CD300a* on NK cell
subsets (CD56"#" and CD56%™) from healthy old individuals
(all CMV-seropositive), likely associated with the combined
effect of CMV infection and age, and a decrease of CD161* NK
cells related to CMV seropositivity (CD56%™ NK cells) and age
(CD56"" and CD56%™ NK cells).

In this analysis, we have also observed an increased percentage
of CD56%mCD57* NK cells associated with CMV seropositivity.
Also, CD56"" NK cells do not express or express very low levels
of CD57 on their surface (data not shown).

Coexpression of CD300a, CD161,

and CD57 on NK Cell Subsets
The coexpression of CD300a, CD161, and CD57 was measured
on CD56%" and CD56™#" NK cells using FlowJo's Boolean

gating options. The majority of CD56"" and CD56%™ NK cells
expressed CD300a on their surface, either alone or in combina-
tion with CD161 or CD57. A minor subset of CD300a* NK cells
coexpressed CD161 and CD57 (Figure 2A).

The results on the effect of age and CMV seropositivity on
the coexpression of CD300a, CD161, and CD57, revealed that
CMV seropositivity, but not age, was associated with an increase
of CD56%™ NK cells coexpressing CD300a and CD57. We also
observed a decrease of CD56%"CD300a*CD161* NK cells related
to both CMV seropositivity and age. No significant differences
were found in the percentage of CD56%"CD300a*CD57~
CD161~ NK cells among the different groups studied (data not
shown). On the other hand, we have also observed an increase
of CD56™"CD300a*CD57-CD161~ NK cells and a decrease of
CD56™" coexpressing CD300a and CD161 in old individuals
(Figures 2A,B).

Different Expression Patterns of T-bet
and Eomes Transcription Factors in
NK Cell Subsets

We analyzed the expression of T-bet and Eomes transcription
factors in three subpopulations of NK cells, according to the
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expression of CD56, CD16,and CD57 markers: CD56™¢"CD16*/~
CD57-, CD56%"CD16*CD57-, and CD56%"CD16*CD57+ NK
cells (Figure S2 in Supplementary Material). Although Eomes was
expressed in most NK cells in all groups studied, the analysis of
its expression pattern showed higher levels in the most immature

NK cells (CD56™&"CD16*-CD57-) with a decline in its expres-
sion in the CD56%"CD16*CD57 and in the most differentiated
NK cells (CD564%™CD16*CD57*) (Table 1).

The expression of T-bet in NK cell subsets showed a gradient
of expression and two subsets can be distinguished: T-bet™ and
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(A) CD57, CD161, and CD300a expression profile (pie charts) in CD569™ and CD569" NK cells from 72 healthy individuals stratified by age and CMV serostatus.
Analysis of coexpression of three receptors was performed using FlowJo’s Boolean gating options. For analysis of complex multivariate datasets after of flow
cytometry, we used the application simplified presentation of incredibly complex evaluations (SPICE). (B) Graphs show the coexpression of CD57/CD161/CD300a
NK subsets in which we found statistical differences among the four groups studied. Non-parametric Kruskal-Wallis test (for multiple comparisons) and Mann-
Whitney test (for paired comparisons) were used. Graphs showed the median with interquartile range. Results were considered significant at “o < 0.05, *p < 0.01,

and **p < 0.001.
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TABLE 1 | Eomes expression (MFI) in NK subsets from donors stratified according to age and CMV seropositivity.

CD56t7s"CD16-CD57- (1) CD56"CD16+CD57- (2) CD56"CD16+CD57+ (3) P p (1-2) p (2-3) p (1-3)
Young CMV- 3.47 (4.46-2.58) 2.12 (2.23-1.35) 1.59 (1.78-0.84) 0.000 0.005 0.005 0.005
Young CMV* 3.75 (4.91-2.35) 2.28 (2.67-1.9) 2.18 (2.34-1.59) 0.007 0.007 0.169 0.007
Middle age CMV- 3.48 (4.74-2.33) 1.87 (2.41-1.65) 1 45 (2.4-1.28) 0.001 0.018 0.018 0.018
Middle age CMV* 3.32 (4.54-2.96) 2.15 (2.52-1.67) 6 (2.1-1.41) 0.000 0.008 0.008 0.008
Old CMVv+ 3.02 (3.79-2.46) 2.01 (2.71-1.59) 8 (2.05-1.2) 0.000 0.005 0.005 0.005

aValues expressed as median (interquartile range, 75-25).
p value obtained by the Friedman rank sum test.
p values comparing (1-2), (2-3), and (1-38) groups obtained by the Wilcoxon test.

T-bet™ NK cells. The percentage of NK cells expressing T-bet"
was higher than the percentage of NK cells expressing T-bet™
in the three subsets studied (Figure S2 in Supplementary
Material). The analysis of T-bet MFI in the different NK cell
subsets showed that T-bet expression was lower in CD56""
CD167-CD57- NK cells from each group studied than in
CD56%"CD16*CD57- and CD56%CD16* CD57+ NK cells into
the same group (Table 2).

The analysis of Eomes expression in NK cell subsets
from CMV-seronegative and CMV-seropositive individuals
showed that the percentage of positive cells was significantly
increased in CD56"#"CD16+*-CD57- NK cells from CMV-
seropositive middle age donors and in CD56%"CD16*CD57*
and CD56%"CD16*CD57- from CMV-seropositive young
donors compared with the CMV-seronegative counterparts
(Figures 3A,B). The analysis of the effect of age on Eomes
expression showed a decreased expression in CD56™&"CD
167-CD57- NK cells from CMV-seronegative middle age
donors compared with CMV-seronegative young individuals
(Figure 3A). Eomes expression in CMV-seropositive donors
was significantly higher in the young compared with the middle

age and old groups in the three NK cell subsets considered
(Figures 3A,B).

The effect of age and CMV seropositivity on T-bet expression
was also analyzed. The results only showed a significant decrease
in the percentage of T-bet" within the CD56%"CD16*CD57*
NK cell subset from CMV-seropositive compared with CMV-
seronegative young donors (Figures 3C,D).

DISCUSSION

Cumulative evidences in the last decade support that aging
and CMV latent infection combine to influence the immune
phenotype and function of immune cells, including NK cells, in
different ways that have been often overlooked in studies aiming
to analyze the effect of aging on NK cells without considering the
CMYV serostatus of the individuals studied.

In this work, we have analyzed the effect of CMV sero-
positivity and aging on the expression of CD300a and
CD161 receptors and transcription factors T-bet and Eomes
on peripheral blood NK cell subsets with different levels of
maturation.
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TABLE 2 | T-bet expression (MFI) in NK subsets from donors stratified according to age and CMV seropositivity.

CD56"CD16-CD57- (1) CD56¢"CD16+CD57- (2) CD56¢"CD16+CD57+ (3) p p(1-2) p (2-3) p (1-3)
Young CMV- 6.31 (10.2-2.91) 8.84 (12.6-5.89) 9.31 (12.5-6.24) 0.000 0.008 0.022 0.005
Young CMV* 7.17 (10.3-3.47) 10.84 (12.2-7.26) .64 (11.4-7.49) 0.000 0.005 0.011 0.008
Middle age CMV- 10.10 (13-1.89) 12.8 (13.8-5.77) 13.2 (13.8-5.84) 0.004 0.043 0.042 0.018
Middle age CMV* 7.09 (10.8-3.85) 10.3 (13.5-6.97) 10.7 (13.9-6.79) 0.003 0.008 0.285 0.011
Old CMV+ 4.85 (11.3-2.79) 7.57 (11.6-6.42) 7.22 (10.6-5.95) 0.007 0.017 0.013 0.114

@\alues expressed as median (interquartile range, 75-25).
p value obtained by the Friedman rank sum test.
p values comparing (1-2), (2-3), and (1-3) groups obtained by the Wilcoxon test.

Our results show that CD57*CD56%™ NK cells are expanded
in CMV-seropositive individuals and that these cells are not
further expanded by aging. In addition, the majority of these
cells also coexpress CD300a, but not CD161. The expansion
of CD57*CD56%" NK cells support previous data showing
that acute and latent CMV infection leads to the expansion of
CD57*CD56%™ NK cells that also express NKG2C* (28, 49-54).
CMV seropositivity is also associated with a decreased expression
of other NK receptors, in some cases, as a consequence of the shift
of NK cells to the more differentiated NKG2C*CD57+ phenotype
(14, 27, 30, 54). These cells have some characteristics of adaptive
immunity and are considered “memory” or “adaptive” NK cells
(55-58). The magnitude of the expansion of NKG2C¢" NXK cells
is determined by the magnitude of the proinflammatory cytokine
secretion upon NK cell activation (59), and it has been proposed
that these cells contribute to the proinflammatory environment
based on the relation between the percentage of NKG2C* cells,
elevated levels of PCR, and cardiovascular risk determinants of
CMV-seropositive individuals (60, 61).

Whereas it has been show that both aging and CMV infection
are associated with a decreased expression of several NK activat-
ing receptors (with the exception of NKG2C that is increased in
CMV-seropositive individuals), their effect on the expression of
inhibitory receptors is still controversial. Thus, whereas different
studies have shown an age-associated increased expression of
KIR (20, 62) and a decreased expression of NKG2A (20), others
have not found significant differences in the expression of KIR or
NKG2A in the elderly (14, 17, 18, 30) or even a decreased expres-
sion of KIR (CD158a) in middle age donors if they are CMV-
seropositive (63). The expression of another inhibitory receptor
KLRG-1 is significantly reduced with aging (21) and with CMV
seropositivity in the young individuals (63).

The inhibitory receptor CD300a is expressed on the majority
of NK cells, and its expression increases with aging in CMV-
seropositive individuals both in CD56™" and CD56%™ NK cell
subsets. As stated in Section “Materials and Methods,” in our
geographic area (Andalusia, Southern Spain), about 99% of
individuals over 65 years are CMV-seropositive. Thus, the high
prevalence of CMV in our geographic area supposes a limitation
of the study as we lack of a group of CMV-seronegative elderly
donors. This limitation makes difficult to assess the differential
effect of CMV and aging when we observe changes only in the
group of old CMV-seropositive individuals compared with the
other groups. This is the case of the higher expression of CD300a
found in old CMV-seropositive individuals compared with the

other groups studied. Since we do not observe an effect of CMV
seropositivity between in the young and middle age groups, it
could be thought that the higher expression of CD300a found in
old CMV-seropositive individuals is likely due to aging. However,
due to this limitation, we can only conclude that aging has an effect
on CD300a expression on CMV-seropositive donors. CD300a is
an inhibitory receptor that can be expressed by NK cells and that
deliver inhibitory signals upon binding to PS expressed by tumor
cells (64). The binding of CD300a on human or porcine NK cells
to the surface of the pseudorabies virus porcine infected cell is
increased by the US3 protein kinase of this alpha-herpesvirus in
anaminophospholipids and p21-activated kinases dependent way,
providing protection of infected cells against NK cell cytotoxicity
(65). These results support the possible relevance of CD300a as a
possible NK cell evasion strategy by CD300a-modulating viruses
and cancer cells.

Although CD300a is highly homologous to CD300c and
both receptors are considered as paired receptors with inhibi-
tory and activating roles, respectively, very little is known on
the expression and function of CD300c on NK cells. It has been
recently shown that NK cells do not express (or express very low
levels of) CD300c and that its expression is induced uniquely
on CD56™# NK cells after their treatment with IL-2 or IL-15
(66). The analysis of the interaction of CD300a and CD300c
with their ligands shows differences on their binding affinity
to the lipid ligands. Whereas both CD300a and CD300c show
similar binding to PS, it has been shown that CD300a exhibits
a stronger binding to dead cells and to PE than CD300c and PE
induces a negative response of IL-2 preactivated CD56"" NK
cells, supporting that the inhibitory signals triggered by CD300a
after binding to its lipid ligands overrides the signals triggered
by its activating counterpart CD300c (66). These findings are
consistent with these shown for other paired receptors such as
KIR2DL1 and CD94/NKG2A that have higher binding affinity
to HLA-CLys80 and HLA-E, respectively, than their activating
counter parts KIR2DS1 and CD94/NKG2C. The increased
expression of CD300a with aging both in CD56"" and CD56™
subsets can contribute together with other age-associated altera-
tions of NK cells to the decreased functional capacity of these
cells in the elderly.

The human CD161 receptor, expressed in a subset of NK cells,
is an inhibitory receptor that, after interacting with its ligand
LLT1, inhibits NK cell cytotoxicity by a mechanism involving
the activation of acid sphingomyelinase (37). Our results show
that the expression of CD161 on CD56%™ NK cells is decreased
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FIGURE 3 | Effect of age and CMV seropositivity on Eomes and T-bet expression. The expression of T-bet and Eomes was measured in
CD569"CD16+7-CD57-, CD569mCD16+*CD57-, and CD569"CD16+*CD57+ NK cells from 46 healthy individuals (10 young CMV-seronegative, 10 young CMV-
seropositive, 7 middle age CMV-seronegative, 9 middle age CMV-seropositive, and 10 old CMV-seropositive donors). (A) Analysis of Eomes expression in
CD56"9"CD167-CD57- NK cells. (B) Analysis of Eomes expression in CD569™CD16+CD57- and CD564™CD16+CD57+ NK cells (C) Analysis of T-bet expression in
CD56"19"CD16+-CD57- NK cells. (D) Analysis of T-bet expression in CD56°MCD16+CD57- and CD56°MCD16+*CD57+ NK cells. Non-parametric Kruskal-Wallis test
(for multiple comparisons) and Mann-Whitney test (for paired comparisons) were used. Graphs showed the median with interquartile range. Results were considered
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significant at *p < 0.05, *p < 0.01, and ***p < 0.001.

in CMV-seropositive donors compared with young CMV-  the telomere length was significantly shorter in CD56%"CD16*
seronegative donors. Little is known regarding the effect of CMV ~ NK cells compared to CD56"*#"CD16- NK cells from the same
and aging on the expression of CD161 on NK cell subsets. The  donor indicating that this subset represents more immature NK
analysis of telomere length in NK cells has shown that the average  cells (67). In this study, it was shown that although CD161 can
telomere length in human NK cells decrease with age. In addition, ~ be expressed on CD56™¢" and CD56%™ subsets, its expression
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is independent of the level of differentiation estimated by the
telomere length (67).

The expression of CD161 in T lymphocytes and NK cells in
PBLs from healthy children appears unrelated to CMV serostatus
(68). On the contrary, it has been reported that NKG2C+*CD56™
NK cells, expanded in CMV-seropositive chronic hepatitis
patients, have a significant decrease in the expression of
CD161 and a significant increase in the expression of CD57 (69).
In agreement with these data, our results show that the majority
of NK cells do not coexpress CD57 and CD161, and that CMV
seropositivity is associated not only with an increase in the expres-
sion of CD57 in CD56%™ NK cells but also with a decrease in the
expression of CD161 in this subset. The decreased expression of
CD161 in NK cells from CMV-seropositive NK cells parallels
the finding that CD161 is decreased on CD56% NKT-like cells
in CMV™ subjects compared with CMV-seronegative donors
(70). Interestingly, it has also been shown that the expression
of CD161 in CMV-specific cytotoxic T lymphocytes is very low
(71). Considering the inhibitory capacity of CD161 on NK and
T lymphocytes cytokine production, these results support that
the CMV-induced downregulation of CD161 receptor together
with the expansion of polyfunctional response of CD57*
NK cells and T- and NKT-like lymphocytes (14, 30, 69, 72, 73),
contribute to the proinflammatory environment observed in
CMV-seropositive healthy individuals.

Recent reports have strengthened the significance of T-bet
and Eomes in NK cell biology (47). In mice, T-bet and Eomes
are necessary for maintenance of peripheral NK cells, their
deletion in mature NK cells results in reversion to an immature
phenotype (46). These transcription factors also modulate many
NK cell effector functions, including cytotoxicity and cytokine
production (74, 75). In human NK cells, T-bet and Eomes are
differentially expressed on NK cell subsets (45), supporting
that they can regulate different functions in different NK cell
subpopulations. Our results confirm and extend these results
showing that the levels of T-bet and Eomes are modulated in
peripheral blood NK cell subsets representing different matura-
tion stages, independently of aging and CMV serostatus. The
expression of T-bet is lower in the CD56"" NK cells than in the
CD56%™ subset, whereas the expression of Eomes is higher in
the CD56"" NK cells. The CD56%"CD57+ subset shows higher
levels of T-bet and lower levels of Eomes than the CD56"¢" and
CD56%CD57~ NK cells. These results agree with the finding that
not only the expression of T-bet and Eomes but also the expres-
sion of CD57 marker, modulate in parallel with the increase of
KIRs on NK cells, but they do not differ in licensed or unlicensed
NK cells (76), supporting that NK cell maturation but not NK
cell licensing is dependent on T-bet and Eomes modulation. The
significance of T-bet and Eomes in the maturation of other NK
cell subpopulations is also supported by the demonstration that
other subsets of NK cells display distinct patterns of expression
of these transcription factors. Thus, a subpopulation of tissue-
resident hepatic CD56"" NK-cells, adapted to the tolerogenic
liver microenvironment, with reduced proinflammatory poten-
tial, and characterized by the expression of CXCR6, express high
levels of Eomes and low levels of T-bet, a phenotype virtually
absent from peripheral blood (77, 78).

Very little is known on the expression patterns of T-bet
and Eomes within human NK cell subpopulations in clinical
situations. In this work, we have analyzed the expression of these
transcription factors in two circumstances, such as CMV chronic
infection and aging, which have a profound impact in NK cell
differentiation.

Our results show that CMV seropositivity in young indi-
viduals associates with a significant increase in the percentage of
CD56%™ NK cells expressing Eomes and a decreased percentage
of T-bet™ NK cells within the CD56%"CD57* subset, suggesting
that changes in the expression of these transcription factors are
involved in CMV-induced remodeling of NK cells, characterized
by the expansion of CD56“"CD57+ NK cells coexpressing NKG2C
activating receptors (2, 14, 30, 60, 79). It has been reported that
the level of expression of Eomes and T-bet is strongly reduced
in NK cells from allogeneic hematopoietic stem cell transplanta-
tion recipients compared with healthy control subjects and that
acute graft-versus-host disease and CMV reactivation are associ-
ated with further downregulation of T-bet (80) supporting the
importance of these transcription factors in the generation and
differentiation of NK cells and in the response against CMV after
hematopoietic stem cell transplantation.

The analysis of the effect of age on Eomes expression
showed a decreased expression in CD56"%" NK cells from
CMYV-seronegative middle age donors compared with CMV-
seronegative young individuals, whereas in CMV-seropositive
donors, its expression was significantly higher in the three NK cell
subsets, in young donors compared with the middle age and old
groups. The percentage of T-bet" NK cells was not significantly
affected by age, independently of CMV serostatus. The effect of
aging on the expression of transcription factors in NK cells is
not known. It has been recently shown that impaired NK cell
maturation in old mice is associated with a decreased expression
of T-bet and Eomes in aged bone marrow NK cells. The use of
bone marrow chimeras has revealed that the non-hematopoietic
environment is responsible for the impaired maturation and
function of NK cells, including the defective expression of T-bet
and Eomes expression on NK cells (81). Considering that the
defect in NK cell generation and in T-bet and Eomes expression
in old mice is due to age alterations in non-hematopoietic envi-
ronment, a better understanding of these non-hematopoietic
factors involved in NK cell differentiation is required for the
definition of new strategies aiming to improve NK cell function
in the elderly.

It has been shown that the expression of T-bet and Eomes
is increased in non-naive CD8* T cells from aged subjects and
that this increase correlated closely with the levels of CD57
and KLRG1. In addition, it was shown that aging is associ-
ated with a decreased functionality of influenza virus-specific
CD8" T cells and increased expression of CD57, KLRG1, and
T-bet (82), supporting that the increased expression of these
transcription factors is related to the expansion of highly
differentiated, senescent or exhausted, CD8* T cells found in
elderly individuals.

In conclusion, CMV latent infection has a profound impact
on NK cells inducing significant changes in the expression of
NK receptors, including the inhibitory receptors CD300a and
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CD161. T-bet and Eomes are differentially expressed on NK cell
subsets defined by the expression of CD56 and CD57, and its
expression is affected by CMV latent infection and aging, which
can be involved in the age-associated changes observed in the
differentiation and function of NK cells.

AUTHOR CONTRIBUTIONS

RS, CC, and AP designed the study. NL-S collected the data
and performed the laboratory experiments. NL-S and FH per-
formed the laboratory analysis. CC and NL-S performed the
statistical analysis and wrote the draft. RT, BS-C, CC, and AP
made significant conceptual contributions to the manuscript.
RS, RT, and CC reviewed the final version of the paper. All the
authors provided intellectual content and approved the final
version of the paper.

REFERENCES

1. Pera A, Campos C, Lopez N, Hassouneh F, Alonso C, Tarazona R, et al.
Immunosenescence: implications for response to infection and vaccina-
tion in older people. Maturitas (2015) 82:50-5. doi:10.1016/j.maturitas.
2015.05.004

2. Solana R, Campos C, Pera A, Tarazona R. Shaping of NK cell subsets by
aging. Curr Opin Immunol (2014) 29C:56-61. d0i:10.1016/j.c0i.2014.04.002

3. Solana R, Tarazona R, Gayoso I, Lesur O, Dupuis G, Fulop T. Innate immu-
nosenescence: effect of aging on cells and receptors of the innate immune
system in humans. Semin Immunol (2012) 24:331-41. doi:10.1016/j.smim.
2012.04.008

4. Solana R, Pawelec G, Tarazona R. Aging and innate immunity. Immunity
(2006) 24:491-4. doi:10.1016/j.immuni.2006.05.003

5. Grubeck-Loebenstein B, Della BS, Iorio AM, Michel JP, Pawelec G, Solana
R. Immunosenescence and vaccine failure in the elderly. Aging Clin Exp Res
(2009) 21:201-9. doi:10.1007/BF03324904

6. Wistuba-Hamprecht K, Haehnel K, Janssen N, Demuth I, Pawelec G.
Peripheral blood T-cell signatures from high-resolution immune phenotyping
of gammadelta and alphabeta T-cells in younger and older subjects in the
Berlin Aging Study I Immun Ageing (2015) 12:25. doi:10.1186/s12979-
015-0052-x

7. Pawelec G. T-cell immunity in the aging human. Haematologica (2014)
99:795-7. doi:10.3324/haematol.2013.094383

8. Pawelec G, Goldeck D, Derhovanessian E. Inflammation, ageing and
chronic disease. Curr Opin Immunol (2014) 29:23-8. d0i:10.1016/j.c0i.2014.
03.007

9. Derhovanessian E, Pawelec G. Vaccination in the elderly. Microb Biotechnol
(2012) 5:226-32. doi:10.1111/j.1751-7915.2011.00283.x

10. Solana R, Tarazona R, Aiello AE, Akbar AN, Appay V, Beswick M, et al. CMV
and immunosenescence: from basics to clinics. Immun Ageing (2012) 9:23.
doi:10.1186/1742-4933-9-23

11. Larbi A, Franceschi C, Mazzatti D, Solana R, Wikby A, Pawelec G. Aging of
the immune system as a prognostic factor for human longevity. Physiology
(Bethesda) (2008) 23:64-74. doi:10.1152/physiol.00040.2007

12. Borrego E Alonso MC, Galiani MD, Carracedo J, Ramirez R, Ostos B, et al.
NK phenotypic markers and IL2 response in NK cells from elderly people.
Exp Gerontol (1999) 34:253-65. d0i:10.1016/S0531-5565(98)00076-X

13. Gayoso I, Sanchez-Correa B, Campos C, Alonso C, Pera A, Casado JG, et al.
Immunosenescence of human natural killer cells. J Innate Immun (2011)
3:337-43. doi:10.1159/000328005

14. Campos C, Pera A, Sanchez-Correa B, Alonso C, Lopez-Fernandez I, Morgado
S, etal. Effect of age and CMV on NK cell subpopulations. Exp Gerontol (2014)
54:130-7. doi:10.1016/j.exger.2014.01.008

15. Chidrawar SM, Khan N, Chan YL, Nayak L, Moss PA. Ageing is associated
with a decline in peripheral blood CD56bright NK cells. Immun Ageing (2006)
3:10. doi:10.1186/1742-4933-3-10

FUNDING

This work was supported by grants PS09/00723 and P113/02691
(to RS) from Spanish Ministry of Health, CTS-208 from Junta
de Andalucia (to RS), SAF2009-09711 and SAF2013-46161-R (to
RT) from the Ministry of Economy and Competitiveness of Spain,
and grants to INPATT research group (GR10104 and GR15183)
from Junta de Extremadura and University of Extremadura (to
RT) co-financed by European Regional Development Funds
(FEDER).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at http://journal.frontiersin.org/article/10.3389/fimmu.
2016.00476/full#supplementary-material.

16. Hazeldine ], Lord JM. The impact of ageing on natural killer cell function
and potential consequences for health in older adults. Ageing Res Rev (2013)
12:1069-78. doi:10.1016/j.arr.2013.04.003

17. Almeida-Oliveira A, Smith-Carvalho M, Porto LC, Cardoso-Oliveira ], Ribeiro
AS, Falcao RR, et al. Age-related changes in natural killer cell receptors from
childhood through old age. Hum Immunol (2011) 72:319-29. doi:10.1016/j.
humimm.2011.01.009

18. Le Garff-Tavernier M, Beziat V, Decocq J, Siguret V, Gandjbakhch E
Pautas E, et al. Human NK cells display major phenotypic and functional
changes over thelife span. Aging Cell (2010) 9:527-35.d0i:10.1111/j.1474-9726.
2010.00584.x

19. Sanchez-Correa B, Morgado S, Gayoso I, Bergua JM, Casado JG, Arcos MJ,
et al. Human NK cells in acute myeloid leukaemia patients: analysis of NK
cell-activating receptors and their ligands. Cancer Immunol Immunother
(2011) 60:1195-205. doi:10.1007/s00262-011-1050-2

20. Lutz CT, Moore MB, Bradley S, Shelton BJ, Lutgendorf SK. Reciprocal age
related change in natural killer cell receptors for MHC class I. Mech Ageing
Dev (2005) 126:722-31. doi:10.1016/j.mad.2005.01.004

21. Hayhoe RP, Henson SM, Akbar AN, Palmer DB. Variation of human
natural killer cell phenotypes with age: identification of a unique KLRG1-
negative subset. Hum Immunol (2010) 71:676-81. doi:10.1016/j.humimm.
2010.03.014

22. Hazeldine ], Hampson P, Lord JM. Reduced release and binding of perforin
at the immunological synapse underlies the age-related decline in natural
killer cell cytotoxicity. Aging Cell (2012) 11(5):751-9. doi:10.1111/j.1474-
9726.2012.00839.x

23. Koch S, Larbi A, Ozcelik D, Solana R, Gouttefangeas C, Attig S, et al.
Cytomegalovirus infection: a driving force in human T cell immunose-
nescence. Ann N Y Acad Sci (2007) 1114:23-35. doi:10.1196/annals.
1396.043

24. Pawelec G, Derhovanessian E, Larbi A, Strindhall ], Wikby A. Cytomegalovirus
and human immunosenescence. Rev Med Virol (2009) 19:47-56. d0i:10.1002/
rmv.598

25. Cannon M]J, Schmid DS, Hyde TB. Review of cytomegalovirus seroprevalence
and demographic characteristics associated with infection. Rev Med Virol
(2010) 20:202-13. d0i:10.1002/rmv.655

26. deOry E Ramirez R, Garcia CL, Leon P, Sagues M]J, Sanz JC. Is there a change
in cytomegalovirus seroepidemiology in Spain? Eur ] Epidemiol (2004)
19:85-9. doi:10.1023/B:EJEP.0000013253.56343.6f

27. Muntasell A, Vilches C, Angulo A, Lopez-Botet M. Adaptive reconfiguration
of the human NK-cell compartment in response to cytomegalovirus: a
different perspective of the host-pathogen interaction. Eur J Immunol (2013)
43:1133-41. doi:10.1002/ji.201243117

28. Lopez-Verges S, Milush JM, Schwartz BS, Pando MJ, Jarjoura ], York VA,
et al. Expansion of a unique CD57NKG2Chi natural killer cell subset during
acute human cytomegalovirus infection. Proc Natl Acad Sci U S A (2011)
108:14725-32. doi:10.1073/pnas.1110900108

Frontiers in Immunology | www.frontiersin.org

November 2016 | Volume 7 | Article 476


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1016/j.maturitas.2015.05.004
http://dx.doi.org/10.1016/j.maturitas.2015.05.004
http://dx.doi.org/10.1016/j.coi.2014.04.002
http://dx.doi.org/10.1016/j.smim.2012.04.008
http://dx.doi.org/10.1016/j.smim.2012.04.008
http://dx.doi.org/10.1016/j.immuni.2006.05.003
http://dx.doi.org/10.1007/BF03324904
http://dx.doi.org/10.1186/s12979-015-0052-x
http://dx.doi.org/10.1186/s12979-015-0052-x
http://dx.doi.org/10.3324/haematol.2013.094383
http://dx.doi.org/10.1016/j.coi.2014.03.007
http://dx.doi.org/10.1016/j.coi.2014.03.007
http://dx.doi.org/10.1111/j.1751-7915.2011.00283.x
http://dx.doi.org/10.1186/1742-4933-9-23
http://dx.doi.org/10.1152/physiol.00040.2007
http://dx.doi.org/10.1016/S0531-5565(98)00076-X
http://dx.doi.org/10.1159/000328005
http://dx.doi.org/10.1016/j.exger.2014.01.008
http://dx.doi.org/10.1186/1742-4933-3-10
http://dx.doi.org/10.1016/j.arr.2013.04.003
http://dx.doi.org/10.1016/j.humimm.2011.01.009
http://dx.doi.org/10.1016/j.humimm.2011.01.009
http://dx.doi.org/10.1111/j.1474-9726.2010.00584.x
http://dx.doi.org/10.1111/j.1474-9726.2010.00584.x
http://dx.doi.org/10.1007/s00262-011-1050-2
http://dx.doi.org/10.1016/j.mad.2005.01.004
http://dx.doi.org/10.1016/j.humimm.2010.03.014
http://dx.doi.org/10.1016/j.humimm.2010.03.014
http://dx.doi.org/10.1111/j.1474-9726.2012.00839.x
http://dx.doi.org/10.1111/j.1474-9726.2012.00839.x
http://dx.doi.org/10.1196/annals.1396.043
http://dx.doi.org/10.1196/annals.1396.043
http://dx.doi.org/10.1002/rmv.598
http://dx.doi.org/10.1002/rmv.598
http://dx.doi.org/10.1002/rmv.655
http://dx.doi.org/10.1023/B:EJEP.0000013253.56343.6f
http://dx.doi.org/10.1002/eji.201243117
http://dx.doi.org/10.1073/pnas.1110900108
http://journal.frontiersin.org/article/10.3389/fimmu.2016.00476/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2016.00476/full#supplementary-material

Lopez-Sejas et al.

Transcription Factors in NK Ageing

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Della CM, Muccio L, Moretta A. CMV induces rapid NK cell maturation
in HSCT recipients. Immunol Lett (2013) 155(1-2):11-3. doi:10.1016/j.
imlet.2013.09.020

Campos C, Lopez N, Pera A, Gordillo JJ, Hassouneh F, Tarazona R, et al.
Expression of NKp30, NKp46 and DNAM-1 activating receptors on
resting and IL-2 activated NK cells from healthy donors according to CMV-
serostatus and age. Biogerontology (2015) 16:671-83. d0i:10.1007/s10522-
015-9581-0

Fildes JE, Walker AH, Williams SG, Yonan N, Leonard CT. CMV infection is
associated with the depletion but lack of activation of peripheral blood natural
killer cells in a lung transplant cohort. Transpl Immunol (2008) 19:235-7.
doi:10.1016/j.trim.2008.05.007

Simhadri VR, Andersen JE, Calvo E, Choi SC, Coligan JE, Borrego F. Human
CD300a binds to phosphatidylethanolamine and phosphatidylserine, and
modulates the phagocytosis of dead cells. Blood (2012) 119:2799-809.
doi:10.1182/blood-2011-08-372425

BorregoF. TheCD300molecules:anemergingfamilyofregulatorsoftheimmune
system. Blood (2013) 121:1951-60. doi:10.1182/blood-2012-09-435057
Lanier LL, Chang C, Phillips JH. Human NKR-P1A. A disulfide-linked
homodimer of the C-type lectin superfamily expressed by a subset of NK and
T lymphocytes. ] Immunol (1994) 153:2417-28.

Aldemir H, Prod’homme V, Dumaurier MJ, Retiere C, Poupon G, Cazareth J,
et al. Cutting edge: lectin-like transcript 1 is a ligand for the CD161 receptor.
J Immunol (2005) 175:7791-5. d0i:10.4049/jimmunol.175.12.7791

Rosen DB, Bettadapura ], Alsharifi M, Mathew PA, Warren HS, Lanier
LL. Cutting edge: lectin-like transcript-1 is a ligand for the inhibitory
human NKR-P1A receptor. JImmunol (2005) 175:7796-9. doi:10.4049/
jimmunol.175.12.7796

Pozo D, Vales-Gomez M, Mavaddat N, Williamson SC, Chisholm SE, Reyburn
H. CD161 (human NKR-P1A) signaling in NK cells involves the activation
of acid sphingomyelinase. J Immunol (2006) 176:2397-406. doi:10.4049/
jimmunol.176.4.2397

Bartel Y, Bauer B, Steinle A. Modulation of NK cell function by genetically
coupled C-type lectin-like receptor/ligand pairs encoded in the human
natural killer gene complex. Front Immunol (2013) 4:362. doi:10.3389/
fimmu.2013.00362

Kirkham CL, Carlyle JR. Complexity and diversity of the NKR-P1:Clr
(Klrb1:Clec2) recognition systems. Front Immunol (2014) 5:214. doi:10.3389/
fimmu.2014.00214

Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate
lymphoid cells - a proposal for uniform nomenclature. Nat Rev Immunol
(2013) 13:145-9. doi:10.1038/nri3365

Walker JA, Barlow JL, McKenzie AN. Innate lymphoid cells - how did we miss
them? Nat Rev Immunol (2013) 13:75-87. doi:10.1038/nri3349

Spits H, Bernink JH, Lanier L. NK cells and type 1 innate lymphoid cells:
partners in host defense. Nat Immunol (2016) 17:758-64. doi:10.1038/ni.3482
Intlekofer AM, Takemoto N, Wherry EJ, Longworth SA, Northrup JT,
Palanivel VR, et al. Effector and memory CD8+ T cell fate coupled by
T-bet and eomesodermin. Nat Immunol (2005) 6:1236-44. doi:10.1038/
nil268

Luetke-Eversloh M, Cicek BB, Siracusa F, Thom JT, Hamann A, Frischbutter S,
etal. NK cells gain higher IFN-gamma competence during terminal differenti-
ation. Eur ] Immunol (2014) 44:2074-84. doi:10.1002/eji.201344072

Knox JJ, Cosma GL, Betts MR, McLane LM. Characterization of T-bet and
eomes in peripheral human immune cells. Front Immunol (2014) 5:217.
doi:10.3389/fimmu.2014.00217

Gordon SM, Chaix J, Rupp L], Wu ], Madera S, Sun JC, et al. The transcription
factors T-bet and eomes control key checkpoints of natural killer cell matura-
tion. Immunity (2012) 36:55-67. d0i:10.1016/j.immuni.2011.11.016
Simonetta E, Pradier A, Roosnek E. T-bet and eomesodermin in NK cell devel-
opment, maturation, and function. Front Immunol (2016) 7:241. doi:10.3389/
fimmu.2016.00241

Roederer M, Nozzi JL, Nason MC. SPICE: exploration and analysis of post-
cytometric complex multivariate datasets. Cytometry A (2011) 79:167-74.
doi:10.1002/cyto.a.21015

Guma M, Budt M, Saez A, Brckalo T, Hengel H, Angulo A, et al. Expansion
of CD94/NKG2C+ NK cells in response to human cytomegalovirus-
infected fibroblasts. Blood (2006) 107:3624-31. doi:10.1182/blood-2005-
09-3682

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Guma M, Angulo A, Vilches C, Gomez-Lozano N, Malats N, Lopez-Botet M.
Imprint of human cytomegalovirus infection on the NK cell receptor reper-
toire. Blood (2004) 104:3664-71. doi:10.1182/blood-2004-05-2058

Foley B, Cooley S, Verneris MR, Curtsinger J, Luo X, Waller EK, et al. Human
cytomegalovirus (CMV)-induced memory-like NKG2C(+) NK cells are
transplantable and expand in vivo in response to recipient CMV antigen.
J Immunol (2012) 189:5082-8. doi:10.4049/jimmunol.1201964

Della CM, Falco M, Bertaina A, Muccio L, Alicata C, Frassoni E et al.
Human cytomegalovirus infection promotes rapid maturation of NK cells
expressing activating killer Ig-like receptor in patients transplanted with
NKG2C-/- umbilical cord blood. J Immunol (2014) 192:1471-9. do0i:10.4049/
jimmunol.1302053

Della CM, Falco M, Muccio L, Bertaina A, Locatelli F, Moretta A. Impact of
HCMYV infection on NK cell development and function after HSCT. Front
Immunol (2013) 4:458. doi:10.3389/fimmu.2013.00458

Beziat V, Liu LL, Malmberg JA, Ivarsson MA, Sohlberg E, Bjorklund AT, et al.
NK cell responses to cytomegalovirus infection lead to stable imprints in the
human KIR repertoire and involve activating KIRs. Blood (2013) 121:2678-88.
doi:10.1182/blood-2012-10-459545

Lee J, Zhang T, Hwang I, Kim A, Nitschke L, Kim M, et al. Epigenetic
modification and antibody-dependent expansion of memory-like NK cells
in human cytomegalovirus-infected individuals. Immunity (2015) 42:431-42.
doi:10.1016/j.immuni.2015.02.013

O’Sullivan TE, Johnson LR, Kang HH, Sun JC. BNIP3- and BNIP3L-mediated
mitophagy promotes the generation of natural killer cell memory. Immunity
(2015) 43:331-42. d0i:10.1016/j.immuni.2015.07.012

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

Holmes TD, Bryceson YT. Natural killer cell memory in context. Semin
Immunol (2016) 28(4):368-76. doi:10.1016/j.smim.2016.05.008
Costa-Garcia M, Vera A, Moraru M, Vilches C, Lopez-Botet M, Muntasell A.
Antibody-mediated response of NKG2Cbright NK cells against human
cytomegalovirus. ] Immunol (2015) 194:2715-24. doi:10.4049/jimmunol.
1402281

Lopez-Botet M, Muntasell A, Martinez-Rodriguez JE, Lopez-Montanes M,
Costa-Garcia M, Pupuleku A. Development of the adaptive NK cell response
to human cytomegalovirus in the context of aging. Mech Ageing Dev (2016)
158:23-6. d0i:10.1016/.mad.2016.06.010

Martinez-Rodriguez JE, Munne-Collado ], Rasal R, Cuadrado E, Roig L,
Ois A, et al. Expansion of the NKG2C+ natural killer-cell subset is associated
with high-risk carotid atherosclerotic plaques in seropositive patients for
human cytomegalovirus. Arterioscler Thromb Vasc Biol (2013) 33:2653-9.
doi:10.1161/ATVBAHA.113.302163

Mariani E, Monaco MC, Cattini L, Sinoppi M, Facchini A. Distribution
and lytic activity of NK cell subsets in the elderly. Mech Ageing Dev (1994)
76:177-87. d0i:10.1016/0047-6374(94)91592-X

Bigley AB, Spielmann G, Agha N, Simpson R]. The effects of age and latent
cytomegalovirus infection on NK-cell phenotype and exercise respon-
siveness in man. Oxid Med Cell Longev (2015) 2015:979645. doi:10.1155/
2015/979645

Lankry D, Rovis TL, Jonjic S, Mandelboim O. The interaction between
CD300a and phosphatidylserine inhibits tumor cell killing by NK cells.
Eur ] Immunol (2013) 43:2151-61. doi:10.1002/€ji.201343433

Grauwet K, Vitale M, De PS, Jacob T, Laval K, Moretta L, et al. Pseudorabies
virus US3 protein kinase protects infected cells from NK cell-mediated lysis
via increased binding of the inhibitory NK cell receptor CD300a. J Virol
(2016) 90:1522-33. doi:10.1128/JV1.02902-15

Dimitrova M, Zenarruzabeitia O, Borrego F, Simhadri VR. CD300c is uniquely
expressed on CD56(bright) natural killer cells and differs from CD300a upon
ligand recognition. Sci Rep (2016) 6:23942. doi:10.1038/srep23942

Ouyang Q, Baerlocher G, Vulto I, Lansdorp PM. Telomere length in human
natural killer cell subsets. Ann N'Y Acad Sci (2007) 1106:240-52. doi:10.1196/
annals.1392.001

Monsivais-Urenda A, Noyola-Cherpitel D, Hernandez-Salinas A, Garcia-
Sepulveda C, Romo N, Baranda L, et al. Influence of human cytomegalovirus
infection on the NK cell receptor repertoire in children. Eur ] Immunol (2010)
40:1418-27. doi:10.1002/€ji.200939898

Frontiers in Immunology | www.frontiersin.org

November 2016 | Volume 7 | Article 476


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1016/j.imlet.2013.09.020
http://dx.doi.org/10.1016/j.imlet.2013.09.020
http://dx.doi.org/10.1007/s10522-015-9581-0
http://dx.doi.org/10.1007/s10522-015-9581-0
http://dx.doi.org/10.1016/j.trim.2008.05.007
http://dx.doi.org/10.1182/blood-2011-08-372425
http://dx.doi.org/10.1182/blood-2012-09-435057
http://dx.doi.org/10.4049/jimmunol.175.12.7791
http://dx.doi.org/10.4049/jimmunol.175.12.7796
http://dx.doi.org/10.4049/jimmunol.175.12.7796
http://dx.doi.org/10.4049/jimmunol.176.4.2397
http://dx.doi.org/10.4049/jimmunol.176.4.2397
http://dx.doi.org/10.3389/fimmu.2013.00362
http://dx.doi.org/10.3389/fimmu.2013.00362
http://dx.doi.org/10.3389/fimmu.2014.00214
http://dx.doi.org/10.3389/fimmu.2014.00214
http://dx.doi.org/10.1038/nri3365
http://dx.doi.org/10.1038/nri3349
http://dx.doi.org/10.1038/ni.3482
http://dx.doi.org/10.1038/ni1268
http://dx.doi.org/10.1038/ni1268
http://dx.doi.org/10.1002/eji.201344072
http://dx.doi.org/10.3389/fimmu.2014.00217
http://dx.doi.org/10.1016/j.immuni.2011.11.016
http://dx.doi.org/10.3389/fimmu.2016.00241
http://dx.doi.org/10.3389/fimmu.2016.00241
http://dx.doi.org/10.1002/cyto.a.21015
http://dx.doi.org/10.1182/blood-2005-09-3682
http://dx.doi.org/10.1182/blood-2005-09-3682
http://dx.doi.org/10.1182/blood-2004-05-2058
http://dx.doi.org/10.4049/jimmunol.1201964
http://dx.doi.org/10.4049/jimmunol.1302053
http://dx.doi.org/10.4049/jimmunol.1302053
http://dx.doi.org/10.3389/fimmu.2013.00458
http://dx.doi.org/10.1182/blood-2012-10-459545
http://dx.doi.org/10.1016/j.immuni.2015.02.013
http://dx.doi.org/10.1016/j.immuni.2015.07.012
http://dx.doi.org/10.1016/j.immuni.2015.02.008
http://dx.doi.org/10.1016/j.smim.2016.05.008
http://dx.doi.org/10.4049/jimmunol.1402281
http://dx.doi.org/10.4049/jimmunol.1402281
http://dx.doi.org/10.1016/j.mad.2016.06.010
http://dx.doi.org/10.1161/ATVBAHA.113.302163
http://dx.doi.org/10.1016/0047-6374(94)91592-X
http://dx.doi.org/10.1155/2015/979645
http://dx.doi.org/10.1155/2015/979645
http://dx.doi.org/10.1002/eji.201343433
http://dx.doi.org/10.1128/JVI.02902-15
http://dx.doi.org/10.1038/srep23942
http://dx.doi.org/10.1196/annals.1392.001
http://dx.doi.org/10.1196/annals.1392.001
http://dx.doi.org/10.1002/eji.200939898

Lopez-Sejas et al.

Transcription Factors in NK Ageing

69.

70.

71.

72.

73.

74.

75.

76.

77.

Beziat V, Dalgard O, Asselah T, Halfon P, Bedossa P, Boudifa A, et al. CMV
drives clonal expansion of NKG2C(+) NK cells expressing self-specific KIRs
in chronic hepatitis patients. Eur J Immunol (2012) 42:447-57. doi:10.1002/
€ji.201141826

Almehmadi M, Flanagan BE, Khan N, Alomar S, Christmas SE. Increased
numbers and functional activity of CD56(+) T cells in healthy cytomeg-
alovirus positive subjects. Immunology (2014) 142:258-68. doi:10.1111/
imm.12250

Northfield JW, Kasprowicz V, Lucas M, Kersting N, Bengsch B, Kim A, et al.
CD161 expression on hepatitis C virus-specific CD8+ T cells suggests a
distinct pathway of T cell differentiation. Hepatology (2008) 47:396-406.
doi:10.1002/hep.22040

Hassouneh F, Campos C, Lopez-Sejas N, Alonso C, Tarazona R, Solana
R, et al. Effect of age and latent CMV infection on CD8+ CD56+ T cells
(NKT-like) frequency and functionality. Mech Ageing Dev (2016) 158:38-45.
doi:10.1016/j.mad.2015.12.003

Pera A, Campos C, Corona A, Sanchez-Correa B, Tarazona R, Larbi A, et al.
CMV latent infection improves CD8+ T response to SEB due to expansion of
polyfunctional CD57+ cells in young individuals. PLoS One (2014) 9:e88538.
doi:10.1371/journal.pone.0088538

Daussy C, Faure F, Mayol K, Viel S, Gasteiger G, Charrier E, et al. T-bet and
eomes instruct the development of two distinct natural killer cell lineages in
the liver and in the bone marrow. ] Exp Med (2014) 211:563-77. d0i:10.1084/
jem.20131560

Gotthardt D, Prchal-Murphy M, Seillet C, Glasner A, Mandelboim O, Carotta
S, et al. NK cell development in bone marrow and liver: site matters. Genes
Immun (2014) 15:584-7. doi:10.1038/gene.2014.55

Pradier A, Simonetta F, Waldvogel S, Bosshard C, Tiercy JM, Roosnek E.
Modulation of T-bet and eomes during maturation of peripheral blood NK
cells does not depend on licensing/educating KIR. Front Immunol (2016)
7:299. doi:10.3389/fimmu.2016.00299

Harmon C, Robinson MW, Fahey R, Whelan S, Houlihan DD, Geoghegan
], et al. Tissue-resident Eomes(hi) T-bet(lo) CD56(bright) NK cells with

78.

79.

80.

81.

82.

reduced proinflammatory potential are enriched in the adult human liver.
Eur ] Immunol (2016) 46:2111-20. doi:10.1002/¢ji.201646559

Stegmann KA, Robertson F, Hansi N, Gill U, Pallant C, Christophides T,
et al. CXCR6 marks a novel subset of T-bet(lo)Eomes(hi) natural killer cells
residing in human liver. Sci Rep (2016) 6:26157. doi:10.1038/srep26157
Lopez-Botet M, Muntasell A, Vilches C. The CD94/NKG2C+ NK-cell
subset on the edge of innate and adaptive immunity to human cytomegalo-
virus infection. Semin Immunol (2014) 26:145-51. doi:10.1016/j.smim.2014.
03.002

Simonetta E Pradier A, Bosshard C, Masouridi-Levrat S, Chalandon Y,
Roosnek E. NK cell functional impairment after allogeneic hematopoi-
etic stem cell transplantation is associated with reduced levels of T-bet
and eomesodermin. J Immunol (2015) 195:4712-20. doi:10.4049/jimmunol.
1501522

Shehata HM, Hoebe K, Chougnet CA. The aged nonhematopoietic environ-
ment impairs natural killer cell maturation and function. Aging Cell (2015)
14:191-9. doi:10.1111/acel.12303

Dolfi DV, Mansfield KD, Polley AM, Doyle SA, Freeman GJ, Pircher H, et al.
Increased T-bet is associated with senescence of influenza virus-specific
CD8 T cells in aged humans. ] Leukoc Biol (2013) 93:825-36. doi:10.1189/
j1b.0912438

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

Copyright © 2016 Lopez-Sejas, Campos, Hassouneh, Sanchez-Correa, Tarazona,
Pera and Solana. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or repro-
duction in other forums is permitted, provided the original author(s) or licensor 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

13

November 2016 | Volume 7 | Article 476


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1002/eji.201141826
http://dx.doi.org/10.1002/eji.201141826
http://dx.doi.org/10.1111/imm.12250
http://dx.doi.org/10.1111/imm.12250
http://dx.doi.org/10.1002/hep.22040
http://dx.doi.org/10.1016/j.mad.2015.12.003
http://dx.doi.org/10.1371/journal.pone.0088538
http://dx.doi.org/10.1084/jem.20131560
http://dx.doi.org/10.1084/jem.20131560
http://dx.doi.org/10.1038/gene.2014.55
http://dx.doi.org/10.3389/fimmu.2016.00299
http://dx.doi.org/10.1002/eji.201646559
http://dx.doi.org/10.1038/srep26157
http://dx.doi.org/10.1016/j.smim.2014.03.002
http://dx.doi.org/10.1016/j.smim.2014.03.002
http://dx.doi.org/10.4049/jimmunol.1501522
http://dx.doi.org/10.4049/jimmunol.1501522
http://dx.doi.org/10.1111/acel.12303
http://dx.doi.org/10.1189/jlb.0912438
http://dx.doi.org/10.1189/jlb.0912438
http://creativecommons.org/licenses/by/4.0/

	Effect of CMV and Aging on the Differential Expression of CD300a, CD161, T-bet, and Eomes on NK Cell Subsets
	Introduction
	Materials and Methods
	Study Subjects
	Sample Collection and Processing
	Analysis of NK Cell Receptors by Flow Cytometry
	Transcription Factors Expression Analysis
	Processing of Data and Statistical Analysis

	Results
	Increase of CD300a and Decrease of CD161 Expression from CMV-Seropositive Old Individuals
	Coexpression of CD300a, CD161, and CD57 on NK Cell Subsets
	Different Expression Patterns of T-bet and Eomes Transcription Factors in NK Cell Subsets

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


