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NK cells are key players in the fight against persistent viruses. Human cytomegalovirus
(HCMV) infection is associated with the presence of a population of CD16+ CD56dim

NKG2C+ NK cells in both acutely and latently infected individuals. Here, we studied
the nature of these terminally differentiated NK cells in different human populations
infected with HCMV: healthy donors stratified by age, thymectomized individuals, preg-
nant women suffering from primary CMV infection, and lung transplant patients. Both
CD16+ CD56dim NK- and CD8 T-cell phenotypes as well as functional capacities were
determined and stratified according to age and/or CMV event. Similarly to T-cell respon-
siveness, we observe an accumulation over time of NKG2C+ NK cells, which preferentially
expressed CD57. This accumulation is particularly prominent in elderly and amplified
further by CMV infection. Latent HCMV infection (without replication) is sufficient for
NKG2C+ CD57+ NK cells to persist in healthy individuals but is not necessarily required
in old age. Collectively, the present work supports the emerging concept that CMV shapes
both innate and adaptive immunity in humans.
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� Additional supporting information may be found in the online version of this article at the
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Introduction

Natural killer (NK) cells are a subset of lymphocytes compris-
ing 5–20% of peripheral blood mononuclear cells (PBMCs) in
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humans [1]. NK cells participate in the innate immune response
and play important roles in tumor surveillance and defense against
viral infections [2]. Based on the expression of the CD56 and
the CD16 surface markers, three NK-cell subsets have been char-
acterized in humans: CD56dimCD16+ cells represent approxi-
mately 90% of circulating NK cells and are considered the mature
mainly cytotoxic NK subset; CD56brightCD16neg/dim NK cells con-
stitute approximately 10% and are considered immature with a
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cytokine-mediated immune-modulatory role [3]. Furthermore, a
scarce subset of NK cells, devoid of CD56 expression and display-
ing a reduced functional capacity, has been identified in healthy
controls [4] and in chronic viral infections [5–7].

The contribution of NK cells to the antiviral immune response
has been extensively studied in murine viral infections, demon-
strating that NK cells impede viral replication [8, 9]. In humans,
rare NK-cell deficiencies have established the critical role of func-
tional NK cells in the control of human viral infections, in particular
toward herpesviruses [10, 11].

Human cytomegalovirus (HCMV) chronically infects 50–90%
of humans. HCMV is usually acquired early in life, and most
immunocompetent hosts are asymptomatic. However, HCMV can
cause severe disease in immunocompromised individuals, such as
HIV-seropositive patients and transplant recipients on immuno-
suppressive therapy, resulting from the reactivation of latent infec-
tion. Furthermore, maternal HCMV reactivation or primary infec-
tion (PI) during pregnancy can result in the infection of the fetus.
HCMV is the most common cause of congenital infection and is
associated with long-term sequelae [12].

An effective defense against HCMV requires the participation
of innate and adaptive immunity with a central role for NK cells
and T lymphocytes. Although primary HCMV infection of immuno-
competent subjects is usually subclinical, chronic infection is asso-
ciated with an age-related deterioration of the immune system,
in particular with (i) the accumulation of late differentiated and
oligoclonal CD8+ T-cell populations (referred to as memory infla-
tion) [13, 14], (ii) an exhaustion of immune resources [15], and
(iii) the development of an “immune risk phenotype” that is pre-
dictive of early mortality in the elderly [16, 17].

CMV also has an impact on NK cells. In MCMV infection,
a specific population of NK cells expands, contracts after viral
control, and generates long-lived “memory” NK cells expressing
Ly49H that are more protective during a second encounter with
MCMV [9, 18]. Looking at the impact of other herpesviruses to
induce late differentiated NK cells either during the acute phase
of symptomatic EBV-induced mononucleosis [19] or during recur-
rent HSV-2 infection [20], recent studies did not find any expan-
sion of NK cells expressing the activating receptor NKG2C. Other
publications have described the expansion of NKG2C+ NK cells
following infections with Hantavirus [21] and Chikungunya virus
[22], but only in patients chronically infected with HCMV. These
findings are in line with several studies that consistently describe
the expansion of NKG2C+ NK cells in response to HCMV [23–28].

Considering that HCMV infection contributes to age-associated
changes in adaptive immunity and that aging also affects the dis-
tribution of NK cells [29, 30], we have investigated the possible
contribution of HCMV at the different phases of infection to the
age-associated alterations in NK-cell subsets. For this purpose, we
used patient samples from different clinical settings where both
age and CMV events could be dissected: (i) healthy volunteers
of different age (long-term carriers of HCMV or uninfected), (ii)
CMV-seronegative women who acquire primary HCMV-infection
during pregnancy, (iii) lung transplant adults who suffer or not
from HCMV reactivations posttransplantation, and (iv) young

adults thymectomized in early life for whom adaptive immunity
exhibits signs of premature immune aging. By looking at both
innate and adaptative HCMV-induced responses simultaneously,
we have drawn a parallel between the impact of HCMV on the
composition of highly differentiated T-cell and NK-cell subsets in
human.

Results

Effect of age on human NK-cell properties

We analyzed the phenotype of CD16+ CD56dim NK cells in more
than a hundred healthy donors stratified according to their age.
Subject information (age, gender, and HCMV status) is pro-
vided in Table 1. While we observed a big heterogeneity in
the CD16+ CD56dim absolute counts in each group, no statis-
tical differences were observed between young, middle-aged,
and elderly adults in concordance with previous observations
[29, 31]. We thus divided the CD16+CD56dim NK-cell popula-
tion into three distinct subsets based on the expression of NKG2A,
NKG2C, and CD57, as illustrated in Figure 1A, and referred to
as: early (NKG2A+ NKG2C−), intermediate (NKG2A− NKG2C−),
late (NKG2A− NKG2C+). Expression of CD57 refines each popu-
lation into CD57− and CD57+ subsets. CD16+ CD56dim NKG2A−

NKG2C+ CD57+ is referred to as terminally differentiated NK cells.
We found that phenotypic changes occur with aging. Indeed, the
composition of the intermediate population NKG2A− NKG2C− bal-
ances toward a more differentiated pattern with a majority of cells
expressing CD57 in old age (Fig. 1C and D; NKG2A− NKG2C−

CD57− Kruskal–Wallis: p < 0.0001 and NKG2A− NKG2C− CD57+

Kruskal–Wallis: p = 0.003). Furthermore, both the frequency
(Fig. 1) and absolute cell numbers (Supporting Information
Fig. 1) of the two most differentiated NK-cell subsets (total
NKG2A− NKG2C+ and NKG2A− NKG2C+ CD57+; Figs. 1B and D;
Supporting Information 1A and C, respectively) were significantly
higher in older people (Kruskal–Wallis: p < 0.0001).

Having established that NK-cell distribution was different in
older compared to young people, we were next interested in mon-
itoring functional alterations. We assessed the potential capac-
ity to produce IFN-γ and to degranulate (i.e. CD107a expression
upregulation) of NK cells by incubating PBMC from young, middle-
aged and old individuals, with the class I negative cell line K562
(Fig. 2A). Cells from elderly were equally potent to produce IFN-γ
and to degranulate as their younger subjects suggesting that NK
cells from elderly maintain robust functional properties. Of note,
functionality of NK cells from elderly resulted from the capacity,
equally shared between early and late-differentiated NK cells, to
both secrete IFN-γ and degranulate (Fig. 2B and C).

Effect of HCMV infection on human NK-cell properties

Higher frequency of terminally differentiated NK cells (NKG2C+

CD57+) in elderly adults is intriguing as this unique population
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Table 1. Characteristics of donors examined in this study

Groups n Age (years) Gender
(% of male)

CMV status
(% of seropositivity)

nCD3− CD16+

CD56+ (cells/μL)

Young (Y) 30 22.19 (18.62–25) 30.3 43.7 181.5 (1.92–1691)
Middle age (M) 30 34.5 (26–55) 37.5 59.4 206.7 (37.5–2725)
Old (O) 60 84 (75.4–99) 40 58.4 168.5

(45.5–593.7)
PI during pregnancy (IM) 10 31.5 (23–41) 0 100 n.d
Healthy donor (HD) 10 36 (23–55) 0 50 n.d
LTP 17 33.95 (21–60) 70.6 35.3 n.d
Thymectomized patients (Yatec) 61 23 (18–29) 72.2 54.4 224.2

(77.6–839.7)

of mature NK cells, defined with distinct function [32] was recently
reported in association with HCMV infection [23, 24]. We there-
fore analyzed the distribution of the different subsets in indi-
viduals stratified according to HCMV status (Fig 3A–C). HCMV-
seronegative elderly had an increase of late NKG2C+ or late
NKG2C+CD57+ cells compared to younger HCMV-seronegative
individuals (Kruskal–Wallis: p = 0.001 and p = 0.001, respec-
tively). Similarly, HCMV-seropositive elderly had also an increase
of late NKG2C+ or late NKG2C+CD57+ cells compared to younger
HCMV-seropositive individuals (Kruskal–Wallis: p = 0.003 and
p = 0.002, respectively). Moreover, HCMV-seropositive individu-
als exhibited a significant increase of NKG2C+ and NKG2C+CD57+

cells compared to their age-matched HCMV-seronegative counter-
parts throughout life (Fig. 3A and C). Overall, our results show
that the increased frequency of NK cells with a late differentia-
tion phenotype is particularly evident in advanced age (Kruskal–
Wallis: p = 0.001 for HCMV-seronegative donors) and amplified
independently by HCMV infection (Kruskal–Wallis: p = 0.002 for
HCMV-seropositive donors).

In order to further inform on the timing of differentiated NK-
cell expansion in HCMV infection, we analyzed these cells in preg-
nant women, who encountered HCMV for the first time during
pregnancy. This primary infection (PI) event led to the develop-
ment of late CD57+ NK-cell subsets compared to healthy age-
matched HCMV-seronegative donors (Fig. 3D; HD− versus PI,
p = 0.01 and p = 0.02, respectively). Of note, the expansion of
late NK cells in seroconverting pregnant women reached the same
levels as in chronically HCMV-infected donors (Fig. 3D, p = NS
between HD+ and PI).

In order to assess the role of HCMV persistence and/or repli-
cation in shaping NK-cell subset distribution, we studied a clinical
setting with frequent HCMV reactivations. HCMV infection is the
most common viral complication after solid organ transplantation
[33, 34] providing a unique model to study the consequences of
HCMV acute infection in humans. NK-cell phenotypes were ana-
lyzed in PBMCs isolated from 17 lung-transplant recipients clas-
sified into three groups according to their CMV donor/recipient
(D/R) serostatus: no CMV infection (D−/R− patients; n = 3),
chronic CMV infection (D−/R+; n = 3 and D+/R+ patients;
n = 3), and primary CMV infection (D+/R− patients n = 8).
While the main NK-cell subsets were characterized by early and

intermediate differentiated phenotypes (Fig. 4A), once again, we
observed a higher proportion of NK cells with a more differ-
entiated phenotype in the context of HCMV infection (i.e. in
D−/R+; D+/R+; D+/R− patients), (Fig. 4A). To avoid confound-
ing effects from the recipients who encountered HCMV previously,
we focused on D+/R− patients and found that the frequency of
NKG2C+ CD57+ NK cells was increased in individuals reactivat-
ing HCMV compared to individuals without evidence of viral reac-
tivation (Fig. 4B). This demonstrates that both HCMV antigene-
mia and replication imprint NK-cell diversity. In order to decipher
their respective impact, we looked at the kinetics of viremia and
of the associated frequencies of late differentiated CD57+ NK cells
in patients exhibiting several episodes of active HCMV replica-
tion (Fig. 4C). About two-thirds of our lung transplant recipients
reactivated HCMV after transplantation. Recipients were mon-
itored for HCMV reactivation by PCR and placed on antiviral
therapy when HCMV viremia was detected. After 2–4 weeks of
antiviral therapy, HCMV viremia was virtually undetectable in the
blood (and in bronchoalveolar lavages when tested). During the
24 months of follow-up, we did not find recurrent expansions of
the late differentiated CD57+ NK cells despite several episodes of
viremia, nor a contraction phase after resolution of viral replica-
tion, as exemplified by kinetics of three different patients (Fig. 4C).
These findings indicated that an accumulation of late differen-
tiated CD57+ NK cells took place over time (Fig. 4C and Sup-
porting Information Fig. 2) and that their expansion (observed
both in blood and in bronchoalveolar lavages; Supporting Infor-
mation Fig. 3) is not sufficient to protect against subsequent HCMV
reactivation. Interestingly, NKG2C+ CD57+ NK cells were barely
detectable in patients who did not exhibit HCMV viremia. NKG2C+

CD57+ NK cells were more frequent in recipients exposed chron-
ically to HCMV (p = 0.01), and even greater in those same
recipients who experienced active HCMV replication (Fig. 4D;
p = 0.0006). This hierarchy translated into a positive correlation
between the number of HCMV reactivations and the frequency of
this particular terminally differentiated NK cells (Fig. 4E; r = 0.79,
p = 0.0002).

Because HCMV reactivation results in a more mature NK-cell
phenotype, we investigated the effect of HCMV viremia on NK-
cell function. We measured IFN-γ production and CD107a expres-
sion on NK cells after incubation with K562 cells (Supporting
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Figure 1. Evolution of human NK-cell phenotype with aging. (A) Gating strategy to determine the differentiation profile of NK-cell compartment,
looking at the expression of CD16, CD56, NKG2A, and NKG2C. (B–D) The frequency of NKG2A and NKG2C markers on (B) CD16+CD56dim, (C)
CD16+CD56dim CD57−, and (D) CD16+CD56dim CD57+ subsets among Young (white circle; n = 30), Middle age (black upward triangle; n = 30) and
Old individuals (black downward triangle; n = 60) were evaluated by flow cytometry. Each symbol represents an individual donor and horizontal
bars indicate the median. p values were calculated using the Mann–Whitney test for group comparisons. *p < 0.05; **p < 0.005; ***p < 0.001.

Information Fig. 4A). CD56+ NK cells were able to respond against
MHC class I-negative cellular target K562 (Supporting Informa-
tion Fig. 4B and C). Focusing on NKG2C+ NK cells, there was
no detectable difference in CD107a expression between recipients
who reactivate HCMV compared to the ones who did not (Fig. 4F;
p = 0.6). However, NKG2C+ NK cells from seropositive patients
who reactivated HCMV tended to produce more IFN-γ compared
to patients without HCMV viremia (Fig. 4F; p = 0.1) in concor-
dance with the findings of Foley et al. [28]

Interplay between terminally differentiated NK cells
and CD8+ T cells in humans

Expansion of mature NKG2C+ CD57+ NK cells following HCMV
reactivation with potent function and their continuous persistence
in the presence of HCMV antigens suggest that NK cells may exhibit
memory-like properties, a characteristic usually restricted to adap-
tive immune responses. To address this, we compared the frequen-
cies of late differentiated CD57+ NK cells and memory CD8+ T cells
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Figure 2. Human NK-cell function delineated by age of individual. (A) The percentage of CD56dim NK cells exhibiting functionality through the
secretion of IFN-γ (left) or through degranulation capacity (CD107a marker, right) was determined by flow cytometry. (B, C) The percentage of
early (CD56dim NKG2A+NKG2C−), intermediate (CD56dim NKG2A−NKG2C−), late (CD56dim NKG2A−NKG2C+), and terminally differentiated NK cells
(CD56dim NKG2A− NKG2C+CD57+) (B) secreting IFN-γ or (C) expressing CD107a were also determined by flow cytometry. PBMCs from Young (white
bar; n = 3), Middle age (gray bar; n = 5) and old individuals (black bar; n = 5) were stimulated for 6 h with K562 target cells or with K562 target cells
in presence of cytokines (IL-2/IL-12/IL-18). Data are shown as the mean + SEM of the indicated number of donors.

based on donor HCMV serostatus. Figure 5A shows the markers
used to identify CD8+ memory T cells (CD27/ CD45RA/CD57) as
well as their capacity to secrete IFN-γ and TNF-α upon stimula-
tion with HCMV antigens. As expected, we observed that HCMV-
seropositive donors present a higher count (and percentage, data
not shown) of terminally differentiated CD8+ CD57+ memory
T cells than their uninfected counterparts in all groups of individ-
uals tested (Fig. 5B). Similarly, HCMV-seropositive control groups
have a higher distribution of late CD57+ NK cells compared to
HCMV-seronegative groups (Fig. 5C). Noteworthy, the inclusion of
young adults thymectomized during early childhood (Yatec) who

represent a model of premature immune aging [35, 36] offers
a unique opportunity to determine if chronic infections, such
as HCMV, imprint the adaptive and innate immune system. In
this context, we previously observed that Yatec exhibits immune
parameters reminiscent of premature immune aging in terms
of reduced näıve T-cell counts and oligoclonal memory CD8+

T-cell repertoire and that this immune risk phenotype was accentu-
ated when individuals were HCMV seropositive [15]. Thus, in this
particular context where T-cell immunity is severely challenged,
we investigated if NK cells would relay adaptive immunity. Func-
tional assays revealed an elevated frequency of IFN-γ and CD107a
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Figure 3. Evolution of NK-cell phenotype according to HCMV status. (A–C) The expression of NKG2A and NKG2C markers on (A) total CD16+CD56dim,
(B) CD16+CD56dim CD57−, and (C) CD16+CD56dim CD57+ subsets among HCMV-seronegative Young (Y−: white circle; n = 17), HCMV-seropositive
Young (Y+: black circle; n = 13), HCMV-seronegative Middle age (M−: white upward triangle; n = 12), HCMV-seropositive Middle age (M+: black
upward triangle; n = 18), HCMV-seronegative Old (O−: white downward triangle; n = 25) and HCMV-seropositive Old individuals (O+: black
downward triangle; n = 30) was determined by flow cytometry. (D) The frequency of CD16+CD56dim NKG2A− NKG2C+ (left) and CD16+CD56dim

NKG2A- NKG2C+ CD57+ (right) observed ex vivo in pregnant women suffering from primary HCMV infection (PI: stars; n = 10). For cohort
comparison, subsets frequencies from age-matched controls (five HCMV-seronegative or five HCMV chronically infected women) are indicated
(HD− and HD+, respectively). Each symbol represents an individual donor and horizontal bars indicate the median. p values were calculated using
the Mann–Whitney test for group comparisons. *p<0.05; **p < 0.005; ***p < 0.001.
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positive NK cells in response to K562 alone (Supporting Informa-
tion Fig. 5A), demonstrating that NK cells from Yatec are more
prone to be functional without cytokines sensitization with IL-
2/IL-12/IL-18. Cytokines sensitization amplifies particularly the
response of late CD57+ NK cells (Supporting Information Fig. 5B
and C). Of note, terminally differentiated NK cells from HCMV-
seropositive Yatec were amplified compared to their age-matched
control groups, suggesting that both innate and adaptive immu-
nity were highly shaped by HCMV infection (Fig. 5B and C; Y+
versus Yatec+, p = 0.04).

CD8+ T cells expressing CD57 were reported to possess shorter
telomeres than CD57− cells and express an effector memory phe-
notype [37, 38]. It is possible that NK cells expressing CD57
might also represent NK cells clonally expanded upon encounter
with HCMV. Interestingly, we observed a correlation between the
frequency of terminally differentiated CD8+ T cells (which encom-
pass HCMV-specific CD8+ T cells) and the frequency of late differ-
entiated CD57+ NK cells (Fig. 5D; r = 0.49, p < 0.0001). By look-
ing at each group of donors, we observed a dichotomy between
HCMV-seropositive and HCMV-seronegative individuals leading to
a high frequency of both terminally differentiated T and NK cells
only in young HCMV carriers (healthy or thymectomized) (Sup-
porting Information Fig. 6A,B, and D). By contrast, high frequency
of late NKG2C+CD57+ NK cells can be found in elderly indepen-
dently of HCMV status (Supporting Information Fig. 6C). Further-
more, we also detected an association between HCMV-specific
T-cell responsiveness and the frequency of late CD57+ NKG2C+

NK cells (Fig. 5E; r = 0.34, p = 0.01) suggesting that innate and
adaptive immunity are complementary to control HCMV latent
replication.

Discussion

To date, antigen-specific NK-cell memory has been documented in
mice [18, 39, 40]. In human, the memory properties of NK cells
have not yet been formally demonstrated [41, 42]. Here, we show
that functional NKG2C+ CD57+ NK cells expand in the context of
aging and HCMV infection. We demonstrate that NKG2C+ NK cells
persist and can reach a high frequency in lung transplant patients
(LTP) even after viral control. The preferential acquisition of CD57

on NK cells expressing NKG2C in HCMV-infected hosts suggests
that antigen exposure may drive NK-cell differentiation as previ-
ously described [23, 32, 43]. Moreover, NKG2C+ NK cells expand
preferentially following in vitro coculture with HCMV-infected
fibroblast [44] or in solid-organ transplant recipients experienc-
ing HCMV reactivation [24]. Collectively these different studies
support that NKG2C expansion is driven by the recognition of
HCMV-infected cells, but the exact nature of the ligand remains
unknown. The fact that a high frequency of terminally differenti-
ated NK cells can be found in HCMV-seronegative elderly suggest
that parameters related to aging (other than HCMV) could imprint
the peripheral repertoire. Mechanisms could include common fac-
tors between HCMV infection and immune aging such as immune
senescence, proinflammatory environment, and increased home-
ostatic turnover.

Following transplantation using adult grafts containing mature
NK cells from HCMV-seropositive donors, posttransplant HCMV
reactivation represents a secondary expansion of HCMV-primed
NK memory like cells. Despite the variation of viremia occurrence
between our LTP, we did not observe discrete peaks of late dif-
ferentiated NK cells, but rather a continuous expansion of this
compartment. This is reminiscent of the CD8+ T-cell responses
that are described to accumulate over time [13, 14, 45]. In con-
trast to other viral chronic infections, HCMV-specific T cells persist
at elevated frequencies, reaching up to 50% of peripheral CD8+

T cells [13]. Therefore, in the same way, the accumulation of
NKG2C+ CD57+ NK cells could participate to the control of recur-
rent HCMV replication. Indeed, we found a positive correlation
between the level of HCMV specific T cells and the frequency of
NKG2C+ CD57+ late differentiated NK cells enabling us to draw
a parallel between NK- and T-cell responsiveness against HCMV.
A number of similarities between T and NK compartment can be
described: (i) HCMV is driving phenotypic differentiation [46, 47],
(ii) although HCMV-specific cells are differentiated, they are fully
functional [48–50], and (iii) late differentiated cells persist and
even inflate overtime despite CD57 expression [13, 14, 45].

Interestingly, the different papers illustrating the shaping of
NK cell subsets with aging [29, 30] did not take into account
the impact of HCMV in the studied population despite the ele-
vated HCMV-seroprevalence found in elderly. Here, we show, for
the first time in human that the acquisition of a more mature

�
Figure 4. Impact of HCMV events on NK-cell distribution in LTP (A) Phenotypic analysis of NK cells in the different donor/recipient combinations
defined with HCMV serostatus (three D−/R−; three D−/R−; three D−/R−; eight D−/R−). NK differentiation phenotypes are described as follow: early
(NKG2A+NKG2C−; in white), intermediate (NKG2A−NKG2C−; in light gray), late (NKG2A−NKG2C+; in dark gray), and terminally differentiated NK
cells (late CD57+ NKG2A−NKG2C+; in black). (B) Focus on the D−/R− combination distinguishing between the cases where no HCMV event was
described (n = 3) versus the patients where HCMV replication occurred during the transplantation follow-up (n = 5). (C) Three representative
kinetics of the frequency of terminally differentiated NK cells (left axis) and viremia (right axis) during the follow-up of transplanted patients
(LTP013, LTP022 and LTP048; month 2–24). Gray zone represents the limit of detection for HCMV viral load (165 copies/mL). (D) Frequency of
terminally differentiated NK cells observed in 17 transplanted patients who did not experience HCMV events (n = 6) versus patients who were
detectable for HCMV viral load (n = 11). Symbols represent individual donors and horizontal bars indicate the median. p values were calculated
using the Mann–Whitney test for group comparisons or using the Wilcoxon paired test for comparison between pre- and postviremia. Each symbol
represents a patient *p < 0.05; **p < 0.005; ***p < 0.001. (E) Positive correlation between the number of HCMV events (detectable HCMV viral load)
and the amplification of the terminally differentiated NK-cell compartment. D−/R− pairs are illustrated with a white circle; the other D/R pairs are
represented in black circles. (F) Functionality of late NKG2C+ NK cells from LTP (n = 10), assessed by their secretion of IFN-γ (white bars) and by
their degranulation capacity (CD107a marker; black bars) stratified by the occurrence of HCMV replication. In these experiments, PBMC from LTP
were stimulated for 6 h with K562 target cells in presence of IL-2/IL-12/IL-18. Data are shown as mean + SEM.
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Figure 5. Parallels between CD8+ T cells and NK cells (A) Representative FACS profile showing the expression of CD27/CD57 phenotypic markers
on CD8+ T cells as well as their secretion capacity for IFN-γ and TNF-α after overnight stimulation of PBMCs with overlapping HCMV-specific
peptides. (B) Cell count of senescent CD57+ memory CD8+ T cells among HCMV-seronegative Young (Y−: white circle; n = 10), HCMV-seropositive
Young (Y+: black circle; n = 13), HCMV-seronegative Middle age (M−: white upward triangle; n = 12), HCMV-seropositive Middle age (M+: black
upward triangle; n = 18), HCMV-seronegative Old (O−: white downward triangle; n = 13), HCMV-seropositive Old individuals (O+: black downward
triangle; n = 32), HCMV-seronegative Yatec (Yatec−: white square; n = 27) and HCMV-seropositive Yatec (Yatec+: black square; n = 30). (C) Cell
count of late differentiated NK cells (CD56dim NKG2C+ CD57+) according to HCMV status in Young (Y− versus Y+), in Middle age (M− versus M+),
in Old (O− versus O+) and in Yatec (Yatec− versus Yatec+). Symbols represent individual donors and horizontal bars indicate the median. P values
were calculated using the Mann–Whitney test for group comparisons. *p < 0.05; **p < 0.005; ***p < 0.001. (D) Correlation between the frequencies of
senescent memory CD8+ T cells and late differentiated NKG2C+ CD57+ NK cells. (E) Correlation between the frequency of HCMV-specific CD8+ T
cells, assessed by IFN-γ secretion, and the frequency of late differentiated NK CD57+ cells. Correlation coefficients were derived from Spearman
analysis.

phenotype within NK cells with aging is not restricted to HCMV-
seropositive individuals.

NK cells can profoundly influence the quality and magnitude
of T- and B-cell responses by [51, 52], (i) activating or killing
antigen-presenting cells and regulatory T cells, (ii) modulating

the proliferation and effector functions of cytotoxic T cells, (iii)
by skewing helper T-cell polarization, and (iv) by enhancing
B-cell activation and isotype switching. Contrarily, there is so far
no knowledge about the complementary nature of NK cells and
their capacity to counter balance loss of adaptive immunity. It
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was therefore of particular interest to follow how Yatec would
cope with HCMV infection. We previously demonstrated that, in
Yatec, the maintenance of a strong cellular response toward HCMV
and a reduced capacity to produce new lymphocytes, can lead to
a premature exhaustion of immune resources, in particular with
the loss of the näıve compartment in favor of the accumulation
of terminally differentiated oligoclonal CD8+ T cells mimicking
the situation observed in elderly [15]. In this informative context
where adaptive immunity is altered, we hypothesize that NK cells
may contribute positively to the control of HCMV latency. This
is in line with our observation that HCMV resulted in a marked
expansion of NKG2C+ CD57+ NK cells in Yatec. This suggests that
NK cells have the potential to contribute alongside memory T- and
B-cell responses during subsequent encounters with HCMV [26,
53]. Therefore, both innate and adaptive immunity are solicited
during viral infections, such as HCMV. It has yet to be discovered
how innate and adaptive immunity coordinate their fight against
infection.

Materials and methods

Study subjects

Blood samples from 30 young (median = 22.19 years), 30 middle-
aged (median = 34.5 years), and 60 elderly (median = 84 years)
healthy adults, were obtained for this study (Table 1). We also
studied Yatec (n = 61; median = 23 years). Yatec had complete
removal of the thymus within 15 days after birth during open-heart
surgery due to transposition of great vessels [15]. Pregnant women
with primary HCMV infection were also studied (n = 10; median
= 31.5 years). Diagnosis of primary HCMV infection was made on
average at 14 ± 8 (mean ± SD) weeks of gestation and was based
on a documented seroconversion or high titers of anti-HCMV IgM
with increasing titers of anti-HCMV IgG when serostatus at the
beginning of pregnancy had not been documented. LTP (n = 17)
were also included in the study (median = 34 years). Posttrans-
plant immunosuppressive treatment consisted of adapted doses
of corticosteroid, calcineurin inhibitor, and a purine synthesis
inhibitor, with or without depleting antibodies. Blood samples
were obtained sequentially at months 2, 4, 6, 9, 12, 18, or 24
following transplantation. Regular monitoring of HCMV replica-
tion episodes was performed by quantitative PCR; viremia denoted
positive virus-specific PCR in total blood from these patients. For
each individual, PBMCs (isolated by density gradient centrifuga-
tion) were cryopreserved until use. HCMV serology was performed
on plasma samples using a Mastazyme-CMV serology kit (Mast
Diagnostics, Merseyside, UK), according to the manufacturer’s
recommendations. To rule out false-negative serology, we also
assess specific T-cell-mediated response to HCMV immunodomi-
nant antigens by flow cytometry.

Ethics statement

All participants provided written informed consent. The study was
approved by the Comité de Protection des Personnes of the Pitié
Salpétrière Hospital, Paris and by the Comité d’Ethique of the
Hôpital Erasme, Brussels.

Flow cytometry analysis and functional assessment

From fresh EDTA blood, absolute counts (cells per microliter)
were determined using CYTO-STAT tetraCHROME kits on a FC500
cytometer (Beckman Coulter) and analyzed with Flow-Count Sin-
gle Platform Method (Beckman Coulter). Directly conjugated and
unconjugated antibodies were obtained from the following ven-
dors: BD Biosciences (San Jose, CA): CD4 (HV500), CD8 (APC-
Cy7), TNF-α (PE-Cy7), IFN-α (AF700), CD40L (PE), IL-2 (APC),
CD16 (APC-H7), CD56 (PE-Cy7); Beckman Coulter (Pasadena,
CA): CD3 (ECD), CD45 (KO), NKG2A (APC), CD45RA (ECD);
BioLegend (San Diego, CA): CD57 (PB), CD3 (BV650); CD8
(BV650), CD27 (AF700); R&D systems (Abingdon, UK): NKG2C
(PE); Milteny Biotec (Bergisch Gladbach, Germany): CD107a
(VB). Staining for cell surface markers was performed with stan-
dard method as previously described [54]. Cells were analyzed
on a Fortessa flow cytometer (Becton Dickinson). Data were ana-
lyzed using FlowJo v8.2 (Tree Star, Inc) and DIVA softwares (BD
Biosciences).

To assess functional capacity of HCMV-specific CD8+ T cells,
PBMC were stimulated with 15 amino acid long synthetic pep-
tides (5 μM) overlapping by ten amino acids and spanning
the two HCMV proteins, pp65 and IE1. After 1 h, the secre-
tion inhibitor brefeldin A (5 μg/mL; Sigma-Aldrich) was added
and the incubation was continued overnight at 37°C in a 5%
CO2 atm. Cytofix/CytopermTM (BD Biosciences) was used to
fix/permeabilize the cells prior to staining for intracellular IFN-
γ and TNF-α. The limit of detection for cytokine secretion
was 0.01% in CD8+ T-cell populations based on the nonspe-
cific production of effector molecules detected in unstimulated
cells.

To assess NK cells functional capacity, frozen PBMC were
cultured overnight at 37°C with IL-2, IL-12, and IL-18 (at 100
U/mL; 10 ng/mL; 100 ng/mL, respectively) and then incubated
with the human erythroleukemia class I negative cell line K562
(E:T at 1:1) for 6 h as previously described [22]. Brefeldin and
monensin were added after 1 h of incubation. Cells were there-
after stained for cell-surface markers including CD3, CD16, CD56,
CD57, NKG2A, NKG2C, and CD107a, fixed/permeabilized and
then stained for intracellular IFN-γ expression. Functional mea-
sures were corrected by subtracting background signals obtained
by analyzing the same samples incubated in medium alone.
Exhaustive phenotypic and functional analysis of NK cells were
conducted with a beta version of the “FunkyCells ToolBox”
software (www.FunkyCells.com) developed by Dr. Martin Larsen
(INSERM U1135, Paris, France).
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Statistical analysis

Univariate statistical analysis was performed using GraphPad
prism software. Groups were compared using the nonparamet-
ric Kruskal–Wallis or Mann–Whitney tests. Wilcoxon paired test
was used on lung transplant recipients for comparison between
the different time points from the same patient. p values < 0.05
were considered significant.
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Vaincre la Mucoviscidose (VLM) & Association Grégory Lemarchal
[grant# RF20140501153], and Fondation pour la Recherche
Médicale (FRM) [grant# DEQ20120323690].

Conflict of interest: C.B. and A.R. are supported by VLM. C.B.,
H.L., A.R., S.F., V.S., V.V., A.M., M.S., J.B., F.B., V.A., and D.S.
declare no financial or commercial conflict of interest. M.L. is
proprietary owner of the Funky Cells ToolBox software.

References

1 Caligiuri, M. A., Human natural killer cells. Blood 2008. 112: 461–469.

2 Lanier, L. L., Evolutionary struggles between NK cells and viruses. Nat.

Rev. Immunol. 2008. 8: 259–268.

3 Cooper, M. A., Fehniger, T. A., Fuchs, A., Colonna, M. and Caligiuri, M.

A., NK cell and DC interactions. Trends Immunol. 2004. 25: 47–52.

4 Bjorkstrom, N. K., Ljunggren, H. G. and Sandberg, J. K., CD56 negative NK

cells: origin, function, and role in chronic viral disease. Trends Immunol.

2010. 31: 401–406.

5 Gonzalez, V. D., Falconer, K., Bjorkstrom, N. K., Blom, K. G., Weiland,

O., Ljunggren, H. G., Alaeus, A. et al., Expansion of functionally skewed

CD56-negative NK cells in chronic hepatitis C virus infection: correlation

with outcome of pegylated IFN-alpha and ribavirin treatment. J. Immunol.

2009. 183: 6612–6618.

6 Hu, P. F., Hultin, L. E., Hultin, P., Hausner, M. A., Hirji, K., Jewett, A.,

Bonavida, B. et al., Natural killer cell immunodeficiency in HIV disease

is manifest by profoundly decreased numbers of CD16+CD56+ cells and

expansion of a population of CD16dimCD56- cells with low lytic activity.

J. Acquir. Immune Defic. Syndr. Hum. Retrovirol. 1995. 10: 331–340.

7 Mavilio, D., Lombardo, G., Benjamin, J., Kim, D., Follman, D., Marcenaro,

E., O’Shea M. A. et al., Characterization of CD56-/CD16+ natural killer

(NK) cells: a highly dysfunctional NK subset expanded in HIV-infected

viremic individuals. Proc. Natl. Acad. Sci. U S A 2005. 102: 2886–2891.

8 Altfeld, M., Fadda, L., Frleta, D. and Bhardwaj, N., DCs and NK cells:

critical effectors in the immune response to HIV-1. Nat. Rev. Immunol.

2011. 11: 176–186.

9 O’Leary, J. G., Goodarzi, M., Drayton, D. L. and von Andrian, U. H., T cell-

and B cell-independent adaptive immunity mediated by natural killer

cells. Nat. Rev. Immunol. 2006. 7: 507–516.

10 Orange, J. S., Human natural killer cell deficiencies and susceptibility to

infection. Microbes Infect. 2002. 4: 1545–1558.

11 Kuijpers, T. W., Baars, P. A., Dantin, C., van den Burg, M., van Lier, R.

A. and Roosnek, E., Human NK cells can control CMV infection in the

absence of T cells. Blood 2008. 112: 914–915.

12 Kenneson, A. and Cannon, M. J., Review and meta-analysis of the epi-

demiology of congenital cytomegalovirus (CMV) infection. Rev. Med. Virol.

2007. 17: 253–276.

13 Komatsu, H., Sierro, S., A, V. C. and Klenerman, P., Population analysis

of antiviral T cell responses using MHC class I-peptide tetramers. Clin.

Exp. Immunol. 2003. 134: 9–12.

14 Northfield, J., Lucas, M., Jones, H., Young, N. T. and Klenerman, P., Does

memory improve with age? CD85j (ILT-2/LIR-1) expression on CD8 T cells

correlates with ‘memory inflation’ in human cytomegalovirus infection.

Immunol. Cell Biol. 2005. 83: 182–188.

15 Sauce, D., Larsen, M., Fastenackels, S., Duperrier, A., Keller, M., Grubeck-

Loebenstein, B., Ferrand, C. et al., Evidence of premature immune aging

in patients thymectomized during early childhood. J. Clin. Invest. 2009.

119: 3070–3078.

16 Derhovanessian, E., Larbi, A. and Pawelec, G., Biomarkers of human

immunosenescence: impact of Cytomegalovirus infection. Curr. Opin.

Immunol. 2009. 21: 440–445.

17 Wikby, A., Ferguson, F., Forsey, R., Thompson, J., Strindhall, J., Lofgren,

S., Nilsson, B. O. et al., An immune risk phenotype, cognitive impair-

ment, and survival in very late life: impact of allostatic load in Swedish

octogenarian and nonagenarian humans. J. Gerontol. A Biol. Sci. Med. Sci.

2005. 60: 556–565.

18 Sun, J. C., Beilke, J. N. and Lanier, L. L., Adaptive immune features of

natural killer cells. Nature 2009. 457: 557–561.

19 Hendricks, D. W., Balfour, H. H., Jr., Dunmire, S. K., Schmeling, D. O.,

Hogquist, K. A. and Lanier, L. L., Cutting edge: NKG2C(hi)CD57+ NK

cells respond specifically to acute infection with cytomegalovirus and

not Epstein-Barr virus. J. Immunol. 2014. 192: 4492–4496.

20 Bjorkstrom, N. K., Svensson, A., Malmberg, K. J., Eriksson, K. and

Ljunggren, H. G., Characterization of natural killer cell phenotype and

function during recurrent human HSV-2 infection. PloS One. 2011. 6:

e27664.

21 Bjorkstrom, N. K., Lindgren, T., Stoltz, M., Fauriat, C., Braun, M., Evander,

M., Michaelsson J. et al., Rapid expansion and long-term persistence of

elevated NK cell numbers in humans infected with hantavirus. J. Exp.

Med. 2011. 208: 13–21.

22 Petitdemange, C., Becquart, P., Wauquier, N., Beziat, V., Debre, P., Leroy,

E. M. and Vieillard, V., Unconventional repertoire profile is imprinted

during acute chikungunya infection for natural killer cells polarization

toward cytotoxicity. PLoS Pathog. 2011. 7: e1002268.

23 Guma, M., Angulo, A., Vilches, C., Gomez-Lozano, N., Malats, N. and

Lopez-Botet, M., Imprint of human cytomegalovirus infection on the NK

cell receptor repertoire. Blood 2004. 104: 3664–3671.

24 Lopez-Verges, S., Milush, J. M., Schwartz, B. S., Pando, M. J., Jarjoura, J.,

York, V. A., Houchins, J. P. et al., Expansion of a unique CD57(+)NKG2Chi

natural killer cell subset during acute human cytomegalovirus infection.

Proc. Natl. Acad. Sci. U S A 2011. 108: 14725–14732.

C© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



Eur. J. Immunol. 2016. 46: 1168–1179 Immunity to infection 1179

25 Muntasell, A., Vilches, C., Angulo, A. and Lopez-Botet, M., Adaptive

reconfiguration of the human NK-cell compartment in response to

cytomegalovirus: a different perspective of the host-pathogen interac-

tion. Eur. J. Immunol. 2013. 43: 1133–1141.

26 Wu, Z., Sinzger, C., Frascaroli, G., Reichel, J., Bayer, C., Wang, L.,

Schirmbeck, R. et al., Human cytomegalovirus-induced NKG2C(hi)

CD57(hi) natural killer cells are effectors dependent on humoral antiviral

immunity. J. Virol. 2013. 87: 7717–7725.

27 Della Chiesa, M., Moretta, L., Muccio, L., Bertaina, A., Moretta, F.,

Locatelli, F. and Moretta, A., Haploidentical haematopoietic stem cell

transplantation: role of NK cells and effect of cytomegalovirus infections.

Curr. Top. Microbiol. Immunol. 2016. 395: 209–224.

28 Foley, B., Cooley, S., Verneris, M. R., Pitt, M., Curtsinger, J., Luo, X., Lopez-

Verges, S. et al., Cytomegalovirus reactivation after allogeneic transplan-

tation promotes a lasting increase in educated NKG2C+ natural killer

cells with potent function. Blood 2011. 119: 2665–2674.

29 Campos, C., Pera, A., Sanchez-Correa, B., Alonso, C., Lopez-Fernandez,

I., Morgado, S., Tarazona, R. et al., Effect of age and CMV on NK cell

subpopulations. Exp. Gerontol. 2014. 54: 130–137.

30 Solana, R., Campos, C., Pera, A. and Tarazona, R., Shaping of NK cell

subsets by aging. Curr. Opin. Immunol. 2014. 29: 56–61.
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F., Pautas, E., Debré, P. et al., Human NK cells display major phenotypic

and functional changes over the life span. Aging Cell. 2010. 9: 527–535.

32 Lopez-Verges, S., Milush, J. M., Pandey, S., York, V. A., Arakawa-Hoyt,

J., Pircher, H., Norris, P. J. et al., CD57 defines a functionally distinct

population of mature NK cells in the human CD56dimCD16+ NK-cell

subset. Blood 2010. 116: 3865–3874.

33 Fishman, J. A., Infection in solid-organ transplant recipients. N. Engl. J.

Med. 2007. 357: 2601–2614.

34 Fishman, J. A., Emery, V., Freeman, R., Pascual, M., Rostaing, L., Schlitt,

H. J., Sgarabotto, D. et al., Cytomegalovirus in transplantation - challeng-

ing the status quo. Clin. Transplant. 2007. 21: 149–158.

35 Appay, V., Sauce, D. and Prelog, M., The role of the thymus in immunose-

nescence: lessons from the study of thymectomized individuals. Aging

(Albany NY) 2010. 2: 78–81.

36 Sauce, D. and Appay, V., Altered thymic activity in early life: how does

it affect the immune system in young adults? Curr. Opin. Immunol. 2011.

23: 543–548.

37 Monteiro, J., Batliwalla, F., Ostrer, H. and Gregersen, P. K., Shortened

telomeres in clonally expanded CD28-CD8+ T cells imply a replicative

history that is distinct from their CD28+CD8+ counterparts. J. Immunol.

1996. 156: 3587–3590.

38 Le Priol, Y., Puthier, D., Lecureuil, C., Combadiere, C., Debre, P., Nguyen,

C. and Combadiere, B., High cytotoxic and specific migratory potencies of

senescent CD8+ CD57+ cells in HIV-infected and uninfected individuals.

J. Immunol. 2006. 177: 5145–5154.

39 Sun, J. C., Lopez-Verges, S., Kim, C. C., DeRisi, J. L. and Lanier, L. L., NK

cells and immune "memory". J. Immunol. 2011. 186: 1891–1897.

40 Marcus, A. and Raulet, D. H., Evidence for natural killer cell memory.

Curr. Biol 2013. 23: R817-820.

41 Sun, J. C. and Lanier, L. L., NK cell development, homeostasis and func-

tion: parallels with CD8(+) T cells. Nat. Rev. Immunol. 2011. 11: 645–657.

42 Min-Oo, G., Kamimura, Y., Hendricks, D. W., Nabekura, T. and Lanier,

L. L., Natural killer cells: walking three paths down memory lane. Trends

Immunol. 2013. 34: 251–258.

43 Foley, B., Cooley, S., Verneris, M. R., Curtsinger, J., Luo, X., Waller, E. K.,

Anasetti, C. 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: 5082–5088.

44 Guma, M., Budt, M., Saez, A., Brckalo, T., Hengel, H., Angulo, A.

and Lopez-Botet, M., Expansion of CD94/NKG2C+ NK cells in response

to human cytomegalovirus-infected fibroblasts. Blood 2006. 107: 3624–

3631.

45 Lang, K. S., Moris, A., Gouttefangeas, C., Walter, S., Teichgraber, V.,

Miller, M., Wernet, D. et al., High frequency of human cytomegalovirus

(HCMV)-specific CD8+ T cells detected in a healthy CMV-seropositive

donor. Cell. Mol. Life Sci. 2002. 59: 1076–1080.

46 Sauce, D., Rufer, N., Mercier, P., Bodinier, M., Remy-Martin, J. P.,

Duperrier, A., Ferrand, C. et al., Retrovirus-mediated gene transfer in

polyclonal T cells results in lower apoptosis and enhanced ex vivo cell

expansion of CMV-reactive CD8 T cells as compared with EBV-reactive

CD8 T cells. Blood 2003. 102: 1241–1248.

47 Appay, V., Dunbar, P. R., Callan, M., Klenerman, P., Gillespie, G. M.,

Papagno, L., Ogg, G. S. et al., Memory CD8+ T cells vary in differentiation

phenotype in different persistent virus infections. Nat. Med. 2002. 8: 379–

385.

48 Henson, S. M., Riddell, N. E. and Akbar, A. N., Properties of end-stage

human T cells defined by CD45RA re-expression. Curr. Opin. Immunol.

2012. 24: 476–481.

49 Snyder, C. M., Buffered memory: a hypothesis for the maintenance of

functional, virus-specific CD8(+) T cells during cytomegalovirus infec-

tion. Immunol. Res. 2011. 51: 195–204.

50 van de Berg, P. J., van Stijn, A., Ten Berge, I. J. and van Lier, R. A., A finger-

print left by cytomegalovirus infection in the human T cell compartment.

J. Clin. Virol. 2008. 41: 213–217.

51 Jinushi, M., Takehara, T., Tatsumi, T., Yamaguchi, S., Sakamori, R.,

Hiramatsu, N., Kanto, T. et al., Natural killer cell and hepatic cell inter-

action via NKG2A leads to dendritic cell-mediated induction of CD4 CD25

T cells with PD-1-dependent regulatory activities. Immunology 2007. 120:

73–82.

52 Martin-Fontecha, A., Thomsen, L. L., Brett, S., Gerard, C., Lipp, M.,

Lanzavecchia, A. and Sallusto, F., Induced recruitment of NK cells to

lymph nodes provides IFN-gamma for T(H)1 priming. Nat. Immunol. 2004.

5: 1260–1265.

53 Luetke-Eversloh, M., Hammer, Q., Durek, P., Nordstrom, K., Gasparoni,

G., Pink, M., Hamann, A. et al., Human cytomegalovirus drives epigenetic

imprinting of the IFNG locus in NKG2Chi natural killer cells. PLoS Pathog.

2014. 10: e1004441.

54 Appay, V., Fastenackels, S., Katlama, C., Ait-Mohand, H., Schneider, L.,

Guihot, A., Keller, M. et al., Old age and anti-cytomegalovirus immu-

nity are associated with altered T-cell reconstitution in HIV-1-infected

patients. Aids 2011. 25: 1813–1822.

Abbreviations: HCMV: human cytomegalovirus · LTP: lung transplant

patients · PI: primary infection · Yatec: young adults thymectomized

during early childhood

Full correspondence: Dr. Delphine Sauce, Infections and Immunity,
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