
Epstein-Barr Virus Coinfection in Children Boosts Cytomegalovirus-
Induced Differentiation of Natural Killer Cells

Shanie Saghafian-Hedengren,a* Ebba Sohlberg,a Jakob Theorell,b Claudia Carvalho-Queiroz,a Noémi Nagy,c Jan-Olov Persson,d

Caroline Nilsson,e Yenan T. Bryceson,b Eva Sverremark-Ekströma

Department of Molecular Biosciences, Wenner-Gren Institute, Stockholm University, Stockholm, Swedena; Center for Infectious Medicine, Department of Medicine,
Karolinska Institutet, Karolinska University Hospital Huddinge, Stockholm, Swedenb; Department of Microbiology, Tumor and Cell Biology, Karolinska Institutet, Stockholm,
Swedenc; Division of Mathematical Statistics, Department of Mathematics, Stockholm University, Stockholm, Swedend; Department of Clinical Science and Education,
Karolinska Institutet and Sachs’ Children’s Hospital, Stockholm, Swedene

During childhood, infections with cytomegalovirus (CMV) and Epstein-Barr virus (EBV) can occur in close temporal proximity.
Active, as well as latent, CMV infection is associated with enlarged subsets of differentiated natural killer (NK) and cytotoxic T
cells. How EBV infection may influence CMV-driven immune differentiation is not known. We found that EBV coinfection se-
lectively influenced the NK cell compartment of CMV-seropositive (CMV�) children. Coinfected children had significantly
higher proportions of peripheral-blood NKG2C� NK cells than CMV� EBV� children. Ex vivo NK cell degranulation after tar-
get cell stimulation and plasma IL-15 levels were significantly higher in CMV� children. EBV coinfection was related to the high-
est levels of plasma interleukin-15 (IL-15) and IL-12p70. Remarkably, in vitro EBV infection of peripheral blood mononuclear
cells (PBMC) from EBV� CMV� children increased NKG2C� NK cell proportions. A similar tendency was seen in cocultures of
PBMC with EBV� lymphoblastoid B-cell lines (LCL) and IL-15. After K562 challenge, NKG2C� NK cells excelled in regard to
degranulation and production of gamma interferon, regardless of whether there was previous coculture with LCL. Taken to-
gether, our data suggest that dual latency with these herpesviruses during childhood could contribute to an in vivo environment
supporting differentiation and maintenance of distinct NK cell populations. This viral imprint may affect subsequent immune
responses through altered distributions of effector cells.

Epstein-Barr virus (EBV) and cytomegalovirus (CMV) are two
ubiquitous and persistent herpesviruses commonly con-

tracted during infancy. The course of primary EBV and CMV
infection during childhood is typically asymptomatic, whereas in-
fection with EBV during adolescence or adulthood is more severe
and often causes infectious mononucleosis (1). After the resolu-
tion of primary infection, EBV and CMV become latent, express a
highly restricted set of genes, and reside in B and myeloid cells,
respectively (1, 2). EBV and CMV can reactivate from latency to
produce viral progeny. However, in immunocompetent individ-
uals, no symptoms are evident since reactivation events are tightly
controlled by immune cells (1, 2).

Natural killer (NK) and CD8� T (cytotoxic) cells play a key
role in the defense against virus-infected cells. CMV, in particular,
can drive the differentiation of highly mature (also known as late
or terminally differentiated) cytotoxic T cells, phenotypically
characterized by the lack of CD28 and expression of CD57 surface
markers (3). High expression of CD57 has been linked to elevated
lytic granule content in T cells (4, 5). In line with this, highly
differentiated CD8� T cells have a lower activation threshold and
a strong capacity to lyse target cells and produce cytokines (3, 6).

Differentiation of NK cells is driven by multiple cytokines in
addition to cell-cell interactions (7). Recent findings propose that
NK cells differentiate further once they enter peripheral sites, i.e.,
develop to CD56dim cells from the less mature CD56bright cells,
whereby they sequentially lose NKG2A, acquire killer immuno-
globulin receptors, and upregulate CD57 (7–10). CMV also drives
differentiation in NK cells, and NKG2C is one of the NK cell
receptors specifically associated with CMV carriage (11–14).
Coculture studies have shown that CMV-infected fibroblasts,
together with interleukin-15 (IL-15), can induce the expansion of

NKG2C� NK cells in vitro (15). Although the precise molecular
mechanism for recognition of CMV-infected cells in humans re-
mains unclear, a specific ligand for NKG2C has been recognized as
the nonclassical HLA class I molecule HLA-E (16). As for T cells,
CD57 expression on NK cells has been suggested to be a marker of
highly differentiated memory-like NK cells (17), which is corrob-
orated by findings from a murine CMV infection model (18).

Acute viral infections, such as HIV-1 (19) and hantavirus (20),
or chronic viruses, such as hepatitis (21), have been associated
with NKG2C� NK cell expansion in CMV-seropositive (CMV�)
subjects. No significant role for EBV in driving the terminal dif-
ferentiation of lymphocytes has been described (11, 22, 23). To
our knowledge, however, no studies have yet focused on the pos-
sible synergistic role of EBV and CMV coinfection on antiviral
effector cell maturation. Notably, earlier studies from our group
have suggested a synergistic protective effect of EBV and CMV
coinfection against IgE sensitization (24), and distinct modula-
tion of NK cell gamma interferon (IFN-�) production capacity by
the two viruses (25). This raises the intriguing possibility of in vivo
interplay of CMV and EBV latency and that this interplay may
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have a functional imprint on subsequent immune responses early
in life.

We investigate here the possible effect of EBV coinfection on
CMV-driven differentiation of NK and T cells and on functional
responses in a cohort of 5-year-old healthy children. We demon-
strate that coinfection with EBV and CMV is associated with the
highest proportions of NKG2C� NK cells, as well as memory-like
CD57� NKG2C� NK cells, compared to single infection with
CMV. Further, data herein suggest that the enrichment of
NKG2C� NK cells mediated by EBV coinfection may operate
through NK cell interaction with HLA-E� EBV� B cells in the
presence of IL-15. Based on our findings, we report a distinct role
for EBV coinfection in boosting CMV-derived maturation of NK
cells and their in vivo priming early in life, which may have an
impact on subsequent immune responses.

MATERIALS AND METHODS
Characterization and serostatus of children. Plasma was available from a
total of 128 5-year-old children included in a study cohort described ear-
lier (24, 26). The serostatus against EBV and CMV was known for all
subjects; 50 were CMV seronegative (CMV�), and 78 were CMV seropos-
itive (CMV�). Subdivision of the children with regard to EBV serostatus
generated four groups: 31 were EBV� CMV�, 19 were EBV� CMV�, 21
were EBV� CMV�, and 57 were EBV� CMV� (coinfected). Peripheral
blood mononuclear cells (PBMC) were available from a smaller number
of children (n � 45): 13 were CMV�, and 32 were CMV�. Further sub-
division with regard to EBV serostatus generated four groups of children:
10 EBV� CMV�, 3 EBV� CMV�, 14 EBV� CMV�, and 18 EBV� CMV�

(coinfected). In addition, PBMC from eight CMV� EBV� 5-year olds
were used for in vitro EBV infection. All subjects were healthy and showed
no clinical signs of disease at the time of blood collection. For coculture
experiments, PBMC isolated from healthy adult donor buffy coats were
obtained from the blood bank at Karolinska University Hospital (Stock-
holm, Sweden). This study was approved by the Human Ethics Commit-
tee at Karolinska University Hospital (Huddinge, Sweden [Dnr 331/02])
and the Karolinska Institute, and all of the parents provided their in-
formed consent.

Sample handling, cell culture conditions, and in vitro EBV infec-
tion. After the collection of venous blood, plasma was separated after
centrifugation and stored at �86°C. PBMC were isolated by density gra-
dient centrifugation (Ficoll-Paque; Pharmacia Diagnostics AB, Sweden)
and cryopreserved in liquid nitrogen. For flow cytometric analyses, the
PBMC were thawed, washed three times, and resuspended in culture me-
dium (RPMI 1640 supplemented with 10% heat-inactivated fetal calf se-
rum [HyClone Laboratories, Inc., USA]), L-glutamine (2 mmol/liter),
penicillin G sodium (100 U/ml), and streptomycin sulfate (100 �g/ml;
Merck, Darmstadt, Germany) to a concentration of 106 cells/ml and cul-
tured at 37°C and 5% CO2. In target cell assays, PBMC were cultured for
20 h, followed by 4 h of incubation with medium only or the cell lines
Daudi (Burkitt’s lymphoma, BL), K562, uncoated P815, or P815 coated
with anti-CD3 (S4.1; Invitrogen, USA) or anti-CD16 (3G8; BD Biosci-
ences, USA) monoclonal antibodies. Fluorochrome-conjugated anti-
CD107a was added at the start of 4-h cultures, and monensin and brefel-
din A (GolgiStop and GolgiPlug; BD Biosciences) were added for the last
3 h of the assay.

For in vitro EBV infections, PBMC were thawed, washed three times,
and then incubated with B95-8 virus-containing supernatant for 1.5 h
with shaking every 30 min. The virus titer of B95-8 EBV was 2.5 � 105

Ramos infectious units (RaIU). The RaIU count was determined by infec-
tion of the EBV-negative Burkitt lymphoma B-cell line Ramos, followed
by an anti-complement immunofluorescent assay to detect the number of
infected cells. Successful EBV infection was monitored by changes in mor-
phology, upregulation of the memory marker CD27, and proliferation of
the B cell population, as previously described (27). Thereafter, the cells

were washed and resuspended in culture medium and cultured for 7 or 14
days, at which time they were analyzed by flow cytometry. Culture super-
natants were collected and stored at �86°C prior to measuring the cyto-
kines. For coculture experiments, adult PBMC were thawed, washed, and
depleted from CD3� cells (depletion was 96 to 99% successful; StemCell
Technologies, Inc., United Kingdom) and then plated for a 3-day culture
alone or together with either a mitomycin C-treated EBV� lymphoblas-
toid cell line (LCL05.08) or an EBV� Burkitt lymphoma cell line (Ramos)
at a 1:2 target/effector cell ratio. In these three culture conditions, the cells
were either in culture medium alone or in culture medium containing
recombinant human IL-12p70 (1 ng/ml), IL-15 (10 ng/ml), or both or
with blocking IL-12p70 (1 �g/ml; MT3279H; Mabtech, Sweden) and
IL-15 (1 �g/ml; 34505.11; R&D Systems, United Kingdom) monoclonal
antibodies in combination. Prior to coculture, supernatants from LCL or
Ramos cells cultured alone at a concentration of 106cells/ml for 3 days
were collected and stored at �86°C. A portion of the PBMC was cultured
with cell culture medium spiked with 50% LCL or Ramos supernatant.
Thereafter, the cells were resuspended in medium and stimulated with
K562 targets cells for 4 h in the presence of fluorochrome-conjugated
anti-CD107a antibodies and monensin for flow cytometric analysis.

Flow cytometry. For flow cytometry, the following fluorochrome-
conjugated specific antibodies from BD Biosciences (if not otherwise
stated) were used: CD3 (SK7 or UCHT1 [Dako, Denmark] or S4.1 [Invit-
rogen]), CD4 (SK3 or S3.5; BD and Invitrogen), CD8 (3B5; Invitrogen),
CD14 (M�P9), CD16 (3G8), CD19 (SJ25C1 or HIB19), CD45RA (MEM-
56; Invitrogen), CD56 (NCAM 16.2), CD57 (HNK-1; BD or BioLegend,
USA), CD69 (TP1.55.3; Beckman Coulter, USA), CD107a (H4A3),
CD226-FITC (DX11), HLA-E (3D12; BioLegend) ki-67 (B56), NKG2A
(Z199; Beckman Coulter), NKG2C (catalog no. 134591; R&D Systems),
NKG2D FITC (1D11; AbD Serotec, United Kingdom), NKp30 APC (p30-
15), 2B4 PE (C1.7; Beckman Coulter), MIP-1	 (D21-1351), IFN-�
(25723.11, 4S.B3, or B27), and tumor necrosis factor (TNF; Mab11).

A fixable dead cell marker (Invitrogen) was used to exclude nonviable
cells from the analysis. Data from in vitro infections and coculture exper-
iments were acquired through BD FACSCalibur and BD FACSVerse,
while all of the remaining data were acquired with BD LSR Fortessa and
analyzed by FlowJo software (TreeStar, USA). Gating was performed on
live CD14� and CD19� single cells within the lymphocyte gate, which
were CD3� or CD3� CD56�.

Cytokine detection. Plasma or culture supernatant IFN-
, IFN-�
(Mabtech), and IL-15 (R&D Systems) were measured by sandwich en-
zyme-linked immunosorbent assay (ELISA) according to standard proce-
dures. ELISA kits were used for the detection of IL-18 (MBL, Japan) and
IL-12p70 (high sensitivity; eBioscience, USA) according to the manufac-
turer’s guidelines. The detection limits were as follows: IFN-
 and IFN-�,
10 pg/ml; IL-15, 3 pg/ml; IL-18, 12.5 pg/ml; and IL-12p70, 0.1 pg/ml.

Statistical analyses. Statistical differences between the CMV� and
CMV� groups were evaluated by using the Mann-Whitney U nonpara-
metric test. A further comparison between multiple groups was made only
after the establishment of significance and was performed by using the
Kruskal-Wallis analysis of variance (ANOVA) test. Then, given signifi-
cance in the Kruskal-Wallis ANOVA, further pairwise comparisons were
tested. Correlations were evaluated either with the Spearman’s rank or the
Kendall’s tau-b test. Differences between control and EBV-infected cul-
tures were evaluated by using the Wilcoxon matched-pair test. P values
below 0.05 were considered statistically significant. Analyses were carried
out using Statistica (Statsoft Software, Inc., USA) or Stata (StataCorp LP,
USA).

RESULTS
Enriched populations of NKG2C� NK cells in EBV-coinfected
CMV� children. To establish whether CMV-driven differentia-
tion of T and NK cells was present also in CMV� children in our
cohort, we phenotyped PBMC ex vivo. Corroborating previous
studies (3, 11–14), we found markedly higher proportions of
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CD8� CD57� T cells and NKG2C�, CD57� NKG2C�, and
CD57bright NKG2C� among CD56dim NK cells (from here on re-
ferred to as NK cells) in the CMV� group compared to the CMV�

controls (Fig. 1A to E). To assess whether EBV coinfection influ-
enced this differentiation, we subdivided the CMV� and CMV�

groups on the basis of EBV serostatus. The highest percentages of
NKG2C�, CD57� NKG2C�, and CD57bright NKG2C� NK cells,
but not CD8� CD57� T cells, were associated with EBV and CMV
coinfection (Fig. 1F to I). The frequencies of NKG2C� cells ex-

pressing NKG2A were similar in all groups (Fig. 1J and K). A
significant positive correlation between the percentages of
NKG2C� NK cells and CD8� CD57� T cells, as well as between
CD57� NKG2C� NK cells and CD8� CD57� T cells, was found
(Fig. 1L and M). As an additional measure of NK cell differentia-
tion, the relation between CD57 and NKG2A expression on
NKG2C� NK cells was assessed. There was an inverse correlation
between CD57bright and NKG2A� cell frequencies among
NKG2C� NK cells considering all subjects (n � 45, P � 0.05, r �

FIG 1 Phenotype of T and NK cells in relation to CMV and EBV serostatus. PBMC from CMV� (n � 13) and CMV� (n � 32) 5-year-old children were
phenotyped ex vivo. (A) Representative example of flow cytometric gating of viable CD14� CD19� CD8� CD3� and CD14� CD19� CD3� CD56dim lympho-
cytes for the proportion of CD57 and NKG2C expressing cells. (B to K) Proportions of CD57� CD8� T cells (B and F), NKG2C� NK cells (C and G), CD57�

NKG2C� NK cells (D and H), CD57bright NKG2C� NK cells (E and I), and) NKG2A� NKG2C� NK cells (J and K) in CMV� and CMV� groups and after
subdivision with regard to EBV serostatus. (L and M) Spearman analysis of correlation between the proportions of CD57� CD8� T cells and NKG2C� NK cells
(L) or between CD57� CD8� T cells and CD57� NKG2C� NK cells (M). Filled circles depict outlier values.
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�0.36), which upon subgrouping showed that the CMV� group
(n � 32, P � 0.05 r � �0.43) but not the CMV� group (n � 13,
P � 0.60, r � 0.16) contributed to this association.

Further, CMV� children had a lower expression intensity of
the signaling lymphocyte activation receptor 2B4 on NK cells than
CMV� children, which was not further influenced by EBV se-
rostatus (P � 0.05 and P � 0.19, respectively [data not shown]).
Expression of CD8, CD16, CD45RA, CD57, CD69, DNAM-1, and
NKG2D did not significantly differ between the CMV� and
CMV� groups, neither when total CD56dim NK cells nor when
only NKG2C� NK cells were considered (data not shown).

There were no differences in bulk frequencies of T and NK cells
between the CMV� and CMV� groups (Table 1 and 2). However,
CMV� children had a somewhat larger fraction of CD56bright cells
and thus fewer CD56dim NK cells (Table 2).

NK cells from CMV� children have enhanced cytotoxic po-
tential. Since EBV and CMV coinfection appeared to have signif-
icant impact on the NK cell compartment, we chose to further
investigate NK cell functionality. In mice, herpesvirus latency has
been suggested to prime NK cells for efficient cytotoxicity (28). To
understand whether herpesvirus carriage also associated with
priming the NK cell function in humans, we induced NK cell
activation through different pathways in PBMC from a group of
children. We used K562 and Daudi target cells to induce activation
via NK cell receptors, anti-CD16 antibodies to induce antibody-
dependent cell-mediated cytotoxicity, and the addition of pepti-
doglycan (a Toll-like receptor 2 agonist), together with IL-15, to
mimic accessory cell-mediated NK cell activation (25).

Interestingly, after K562 target cell stimulation, there was a
small but significant difference in the percentage of CD107a� NK
cells with higher ratios in CMV� children compared to their
CMV� peers (Fig. 2A), regardless of EBV serostatus (Fig. 2B).
Similar results were seen when NK cells were regrouped into
CD57� and CD57� cells (data not shown). CMV� and CMV�

groups did not differ in their NK cell TNF, IFN-�, or MIP-1	
production ability upon stimulation with K562 cells (Fig. 2C to E).
No consistent relation was found between the expression of the
activation marker CD69 and CD107a, TNF, IFN-�, or MIP-1	,
and no differences were seen between CMV� and CMV� children
in NK cell functionality following activation by the other investi-
gated stimulation pathways (data not shown).

Cytokines required for NK cell development and differenti-
ation are increased in CMV� children. Latent herpesvirus car-
riage in mice has been linked to elevated systemic IFN-� and
boosted innate immune defense (28, 29). We sought to determine
whether the higher cytotoxic potential of NK cells in CMV� chil-
dren could be a result of in vivo priming by cytokines. We mea-
sured the antiviral and NK cell priming cytokines IFN-
, IFN-�,

IL-12, IL-15, and IL-18 in plasma from the children in our study
cohort. The groups did not differ in circulating IFN-
 or IL-18
levels (Fig. 3A and F and Fig. 3E and J), but the IFN-� levels were
significantly higher in the CMV� group regardless of the EBV
serostatus (Fig. 3B and G).

No significant differences in IL-12p70 levels between CMV�

and CMV� children were observed (Fig. 3C). Interestingly, how-
ever, CMV� children had markedly higher levels of IL-15 (Fig.
3D). Stratification on the basis of EBV serostatus did not yield any
differences, although the IL-12p70 and IL-15 levels from coin-
fected children tended to be the highest (Fig. 3H and I). Moreover,
there was a significant positive correlation between plasma IL-
12p70 and IL-15 levels (n � 63 total, P � 0.001, r � 0.69).

In CMV� children NKG2C� NK cells are enriched and acti-
vated after EBV infection in vitro. Since we observed that EBV
coinfection was associated with the highest percentages of
NKG2C� and CD57� NKG2C� NK cells, we wanted to directly
address the effect of EBV infection on their proportions. We used
PBMC samples from a group of EBV-naive CMV� 5-year-old
children and infected the samples with EBV in vitro. The percent-
age of NKG2C� and CD57� NKG2C� CD56dim NK cells was
assessed by flow cytometry on days 7 and 14 postinfection (Fig. 4A
to D). Interestingly, EBV-infected cultures on day 14 contained
higher percentages of NKG2C� NK cells than control cultures,
although the difference did not reach statistical significance (Fig.
4C, P � 0.08). At the same time point, EBV-infected cultures
contained NK cells that produced IFN-�: median � 4.0% and
range � 0 to 8.3 for NKG2C� and median � 1.9% and range � 0
to 9.6 for NKG2C� NK cells. No clear changes in the CD57�

NKG2C� NK cell proportions were found (Fig. 4D).
Enrichment of NKG2C� NK cells and their enhanced activa-

tion state after coculture with LCL is linked to HLA-E expres-
sion and IL-15, respectively. Based on the fact that plasma levels
of IL-12p70 and IL-15 paralleled the high proportions of
NKG2C� NK cells seen in coinfected children, we examined the
contribution of these cytokines to enrichment of NKG2C� NK
cells upon interaction with EBV� B cells. Since the number of
PBMC samples from the children was limited, we performed an in
vitro culture assay and selected three individual adult PBMC sam-
ples with large NKG2C� and memory-like NK cell populations. In
order to avoid recall responses by EBV-specific CD8� cells, CD3�

cells were depleted prior to coculture with EBV� LCL or EBV�

Ramos (negative control) for 3 days.
In the presence of IL-15 or IL-15�IL-12p70, PBMC and LCL

TABLE 2 Frequencies of bulk NK cell subsets in 5-year-old children
seronegative and seropositive for CMV and/or EBV

Serostatus No. of children

Median % frequency (range)a

CD3� CD56� CD3� CD56dim

CMV� 13 8 (3–15) 91 (85–95)
CMV� 32 6 (2–18) 89 (66–97)*
CMV� EBV� 10 7 (3–15) 91 (85–95)
CMV� EBV� 3 8 (6–9) 91 (91–95)
CMV� EBV� 14 5 (2–13) 89 (66–92)†‡
CMV� EBV� 18 6 (3–18) 89 (80–97)
a For CD3� CD56�, the frequencies among CD14� CD19� living single lymphocytes
are shown. For CD3� CD56dim, the frequencies among CD3� CD56� cells are shown.
*, P � 0.05 (compared to the CMV� group); †, P � 0.05 (compared to the CMV�

EBV� group); ‡, P � 0.05 (compared to the CMV� EBV�group).

TABLE 1 Frequencies of bulk T-cell subsets in CMV� and CMV� 5-
year-old children

Serostatus No. of children

Median % frequency (range)a

CD3� CD3� CD4� CD3� CD8�

CMV� 13 89 (77–93) 65 (52–77) 27 (14–40)
CMV� 22 88 (77–94) 64 (50–79) 26 (14–38)
a For CD3�, the values for the frequencies among CD14� CD19� living, single-cell,
lymphocytes are shown. For CD3� CD4� and CD3� CD8�, the values for the
frequencies among CD3� cells are shown.
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cocultures contained slightly increased NKG2C� (Fig. 5A and B)
and memory-like NK cell proportions (Fig. 5A and C), which was
not observed with the EBV� cell line Ramos. To determine
whether coculture with LCL had enhanced functionality of
NKG2C� NK cells, we assessed NK cell activity after K562 target
cell challenge. Degranulation and IFN-� and proliferative re-
sponses (ki-67�) were higher in cultures with IL-15, but coculture
with LCL per se did not enhance NK cell functional capacity (Fig.
5D to F). NKG2C� NK cells, including memory-like NK cells,
were more CD107a� and IFN-�� compared to NKG2C� NK cells
(Fig. 5D and E). In contrast, memory-like NK cells proliferated
but to a lower degree than the whole NKG2C� or NKG2C� NK
cell population (Fig. 5F).

Upregulation of HLA-E on virus-infected cells has been sug-
gested to drive the expansion of NKG2C� NK cells (11, 20), and

we therefore assessed surface HLA-E expression on our cell lines.
Both EBV� LCL and EBV� Ramos displayed a 2-fold increase in
HLA-E staining relative to isotype control (Fig. 5G). Interestingly,
however, a larger proportion of LCLs were HLA-E� (Fig. 5G).
Cell-cell contact with HLA-E� EBV-infected cells may contribute
to NKG2C� NK cell enrichment since T-cell-depleted PBMC
cultured with LCL-derived supernatant alone displayed similar
proportions of memory-like, NKG2C�, and NKG2C� NK cells
(Fig. 5H).

DISCUSSION

Microbial agents, including viral pathogens, are important pro-
moters of immune maturation following birth (30, 31). Most
likely, a diverse array of microbial organisms contribute to proper
maturation of immune system, which is believed to protect

FIG 2 Relation between herpesvirus carriage and functional capacity of NK cells. PBMC from CMV� (n � 12) and CMV� (n � 21) children were rested for 20
h, followed by culture during 4 h in medium alone or with K562 target cells. Subsequently, viable, CD14� CD19� CD3� CD56dim lymphocytes were analyzed for
the proportions of CD107a (A and B), IFN-� (C), TNF (D), and MIP-1	 (E) cell positivity by flow cytometry. (B) Proportions of CD107a� CD56dim NK cells
upon stratification of CMV� and CMV� groups based on EBV serostatus. Filled circles and crosses depict outlier and extreme values, respectively. Functional
assay values, where from statistical data were acquired, correspond to values from nonstimulated cultures subtracted from stimulated cultures.

FIG 3 Relation between systemic cytokine profiles and herpesvirus carriage at 5 years of age. Plasma from 5-year-old children (n � 128 for all cytokines except
IL-12p70 and IL-18, where 80 and 71 samples were tested, respectively) with various EBV and CMV serostatuses was assessed by ELISA for a range of cytokines
related to antiviral and NK cell activity. The levels of IFN-
 (A), IFN-� (B), IL-12p70 (C), IL-15 (D), and IL-18 (E) were compared between CMV� and CMV�

children or after subdivision of CMV� and CMV� groups with regard to EBV serostatus (F to J, respectively). Values below detection limits are not shown in the
figure.
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against immune-mediated diseases (30, 32, 33). There are in vivo
(24, 25, 34) and in vitro (35) data suggesting synergy in latency
with the two persistent herpesviruses EBV and CMV. Interest-
ingly, our earlier observations suggested that EBV and CMV coin-
fection could have a synergistic influence on allergen-specific B-
cell responses (24) and NK cell cytokine production (25) during
infancy. We demonstrate here that EBV coinfection in children

enhances CMV-driven immune maturation, as evidenced by
greater frequencies of differentiated NKG2C� and CD57�

NKG2C� NK cell subsets.
After establishment of CMV latency, infants shed CMV for a

prolonged period of time in contrast to adults (31), suggestive of a
higher frequency of subclinical CMV reactivation during young
age (31, 36). Successive rounds of reactivation could maintain the

FIG 4 EBV infection in vitro induces NKG2C� NK cell enrichment. PBMC from 5-year-old CMV� children (n � 3 to 5) were subjected to in vitro EBV infection
and cultured for 14 days, when the NK cell population was phenotyped by flow cytometry. (A) Gating strategy for NKG2C expression on CD3� CD19� CD56dim

cells. (B and C) Percentages of NKG2C� CD56dim NK cells on day 7 (B) and day 14 (C) postinfection. (D) Percentage of CD57� NKG2C� CD56dim NK cells on
day 14 postinfection. Numbers in the diagrams indicate the fold change that was calculated by dividing the values from infected cultures by those for noninfected
cultures.
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FIG 5 Distinct contributions of cells and cytokines to in vitro enrichment of NKG2C� NK cells. CD3� cell-depleted PBMC (n � 3 donors) were cultured alone
or together with either an EBV� B cell line (LCL) or an EBV� Burkitt lymphoma cell line (Ramos) at a 1:2 target/effector cell ratio. In these three culture
conditions, the cells were incubated 72 h in culture medium alone or in culture medium containing recombinant human IL-12p70, IL-15, or both IL-12p70 and
IL-15 or blocking (
-) IL-12p70 and IL-15 monoclonal antibodies in combination. (A) Representative flow cytometric gating strategy for live CD14� CD19�

CD56dim NKG2C� NK cells (percentage outside the lower right corner) and CD57� NKG2C� NK cells (percentage outside the upper right corner). (B and C)
Fold change in NKG2C� and CD57� NKG2C� NK cell subset proportions calculated by dividing values from treated PBMC cultures by those of the same donor
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NKG2C� NK cell population in CMV� children (37), and in coin-
fected children additional immune responses contributing to the
control over EBV infection could potentially support the mainte-
nance of the NKG2C� NK cells. In support of this hypothesis, we
observed the accumulation of NKG2C� NK cells from several
EBV-naive CMV� children upon in vitro EBV infection. CMV�

and coinfected children had the highest levels of plasma IL-15 and
IL-12p70 and, interestingly, the combination of IL-12p70 and/or
IL-15 and contact with latently EBV-infected cells sustained/en-
riched NKG2C� and memory-like NK cell populations in PBMC
and LCL cocultures.

NK cells have been shown to preferentially target EBV-infected
B cells in the lytic cycle (38), which predominantly occurs in sec-
ondary lymphoid tissues. Interestingly, NK cells can be recruited
to secondary lymphoid tissues, and likely also to infected lym-
phoid tissue (39), where they can control EBV (40). The balance of
activating or inhibitory ligands on infected cells is an important
factor determining NK cell activation. Higher expression of the
NKG2C ligand HLA-E has previously been implicated in host re-
sponses to CMV-infected cells (11, 20, 41). Findings regarding
expression of HLA class I molecules, including HLA-E, in EBV-
infected B cells are contradictory since both downregulation (38)
and upregulation (42) have been observed. Due to clinical sample
limitation, we assessed HLA-E expression on LCL and found that
roughly a third were HLA-E�, in agreement with previous studies
showing heterogeneity in HLA class I expression of EBV-trans-
formed B cells (43). The comparatively smaller effect on the
NKG2C� population enrichment/maintenance seen in LCL co-
cultures versus in vitro infections could also relate to differences in
kinetics and sample origin, together with a more vigorous cyto-
kine environment induced in primary in vitro EBV infection (27).

Accessory cell-derived cytokines such as IL-12p70 and IL-15
can contribute to the maintenance of differentiated NK cells (6,
44) and activate NK cells to participate in immune response
against EBV-infected cells (45). Interestingly, the pattern of circu-
lating IL-12p70 and IL-15 pointed to highest levels in coinfected
children. However, despite the presence of activated myeloid cells
and both innate and adaptive antiviral cytokines in supernatants
of EBV-infected cultures (27), neither IL-12p70 nor IL-15 were
detected in these cultures. This may partially depend on the kinet-
ics of cytokine production and consumption in the cultures, as
well as the properties by which IL-12 (46) and IL-15 (47) are
delivered to NK cells. By using LCL cocultures as another ap-
proach to study contribution of accessory cell-derived cytokines
to NKG2C� NK cell maintenance, we found that the addition of
IL-15 was related to higher ratios of this NK cell subset. Interest-
ingly, the plasma IL-12p70 and IL-15 levels paralleled the ex vivo
degranulation capacity by NK cells with the most potent responses
in the coinfected group and, overall, the NKG2C� NK cells were to
a higher degree CD107a� and IFN-�� than were the NKG2C� NK
cells upon in vitro K562 challenge. After K562 target cell stimula-
tion, the elevated NK cell degranulation capacity seen in CMV�

children may reflect an expanded NKG2C� NK cell population in
vivo (11–14) and is not likely linked to a higher NK cell 2B4 ex-
pression since K562 cells lack 2B4 ligands. Collectively, high IL-15
levels in coinfected children could maintain expanded NKG2C�

NK cell populations (6) and prime NK cell cytotoxicity (28), but
the exact cellular and molecular mechanism needs further exam-
inations.

Studies in mice have shown that latent infection with murine
EBV and CMV equivalents could enhance the basal reactivity of
innate cells such as NK cells (28) and macrophages via IFN-� to
protect against unrelated infections (29). Plasma IFN-� was
higher in CMV� children, but the cellular source remains un-
known, since we did not observe any differences in IFN-� produc-
tion capacity in T cells (data not shown) or NK cells between
CMV� and CMV� children. Both enriched memory CD8� T cells
(48, 49) and mature CD56dim NK cells (50) could produce IFN-�
in response to a similar cytokine environment, as seen in CMV�

children. Together, this suggests an in vivo positive-feedback loop
between antiviral cell priming accessory cell-derived cytokines
and IFN-� production by antiviral cells.

This study has some limitations that should be acknowledged.
We could not fully address whether EBV and CMV coinfection
selectively affected the NK cell population as opposed to the T cell
compartment since the numbers of CMV� EBV� subjects were
too low in the CD57� CD8� cell analysis for reliable conclusions.
We therefore directed our attention to NK cells, but associations
within the T cell population could exist and require further inves-
tigation. Furthermore, our attempts to shed light on the underly-
ing mechanisms of how EBV coinfection could contribute to
NKG2C� NK cell enrichment in CMV� children yielded promis-
ing, albeit preliminary results. These questions will need to be
carefully considered in follow-up studies. Finally, the use of allo-
geneic LCL in cocultures with PBMC may have introduced an
HLA mismatch. Although we cannot rule this out, higher
NKC2C� NK cell proportions were seen both in autologous in
vitro infections and in allogeneic LCL cocultures and were not
seen with the allogeneic EBV� cell line Ramos. Thus, it is unlikely
that a potential HLA mismatch was the only reason for the redis-
tribution of the NK cell compartment.

Our findings collectively suggest that EBV coinfection may
contribute to higher NKG2C� NK cell proportions through path-
ways involving HLA-E expression by infected cells, but additional
signals via accessory cell cytokines seem necessary to maintain or
drive the expansion of differentiated NK cells. To our knowledge,
we are the first to show that a persistent EBV coinfection has a role
in stimulating immune differentiation in immunocompetent
CMV� children, and the CMV-related NK cell repertoire during
early life. The consequence of a functional imprint by persistent
herpesviruses on subsequent heterologous immune responses
may well be clinically relevant.

PBMC in medium only (represented by a horizontal line in the graphs). After coculture as described above, PBMC were challenged for 4 h with K562 target cells,
and the functional capacities of NK cells were analyzed by flow cytometry. (D and E) Proportions of degranulation (D), IFN-� production (E), and proliferation
of NKG2C�/� and CD57� NKG2C� NK cell subsets (F). (G) Surface HLA-E expression by Ramos and LCL cells showing MFI values of isotype control (filled
histograms) and HLA-E (overlays) and proportion of HLA-E� cells, as determined by flow cytometry. (H) CD3�-cell-depleted PBMC were cultured with cell
culture medium spiked with 50% supernatant from EBV� LCL or EBV� Ramos cultures at a concentration of 106 cells/ml during 72 h. The proportions of
NKG2C�, NKG2C�, or CD57� NKG2C� cells among viable CD14� CD19� CD3� CD56dim NK cells are shown.
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