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Cytomegalovirus-Seropositive Children Show Inhibition of
In Vitro EBV Infection That Is Associated with CD8"CD57"
T Cell Enrichment and IFN-vy

Ebba Sohlberg,* Shanie Saghafian-Hedengren,* Eahsan Rasul,” Giovanna Marchini,”
Caroline Nilsson,§ Eva Klein," Noémi Nagy,* and Eva Sverremark-Ekstrom*

EBY, a human herpesvirus, is commonly acquired during childhood and persists latently in B cells. EBV seropositivity has been
connected to immunomodulatory effects such as altered T and NK cell functional responses as well as protection against early IgE
sensitization; however, owing to the asymptomatic presentation during childhood little is known regarding the infection process in
children of different ages. In this study, we used mononuclear cells from cord blood and from 2- and 5-y-old EBV-naive children for
in vitro EBV infection. We show that the degree of EBV-induced B cell activation and expansion differs between age groups and in
particular in relationship to IFN-y production capacity. EBV infection induced redistribution between B cell subsets with
enrichment of IgD*CD27* cells (commonly referred to as non-switched memory) in infected cord blood cell cultures, and of
IgD™CD27" cells (switched memory) in cell cultures from older children. We also related results to serostatus to CMYV, a persistent
herpesvirus that can affect differentiation status of T and NK cells. As compared with CMV™ children, the EBV-induced
enrichment of IgD”CD27* B cells was significantly reduced in infected cell cultures from CMV™" children. This effect was
associated with high levels of IFN-y and frequencies of highly mature CD8*CD57" T cells in CMV™ children. Our results
demonstrate that both a child’s age and serostatus to CMV will have an impact on EBV-induced B cell activation and expansion,
and they point to the ability of viruses with immunomodulatory functions, such as CMYV, to affect immune responses within the
host system. The Journal of Immunology, 2013, 191: 5669-5676.

early childhood and is prevalent in the majority of the

human population. EBV is a B lymphotropic y-herpes-
virus that after primary infection establishes latency and persists
for life. EBV latency is connected to a number of malignancies,
yet it does not cause symptoms in an immunocompetent host (1).
When EBV is acquired during adolescence or after, infectious
mononucleosis (IM) frequently develops owing to vigorous im-
mune activation (reviewed in Ref. 2). However, EBV infection in

l z pstein—Barr virus infection is commonly contracted in
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childhood is presumed to follow a mild or asymptomatic course
and therefore goes unnoticed in most cases. This type of silent
EBV acquisition early on in life has in fact been connected to
positive effects regarding allergy development (3, 4), indicating
that EBV may have beneficial immunomodulatory effects, at least
when acquired during infancy.

The characteristics of the virus have been extensively examined
using an in vitro model where resting B cells are exposed to EBV-
containing supernatant, and infection in this manner yields growth-
transformed B cell blasts (first demonstrated by Pope et al. (5)).
Viral entry occurs through interactions between the viral envelope
protein gp350 and the B cell CD21 receptor and leads to expres-
sion of virally encoded genes, including nuclear and membrane-
associated proteins that have pivotal roles in driving B cell pro-
liferation and transformation (6). In vitro—infected B cells will
start to express CD23, a characteristic of EBV-driven immortali-
zation (7) and CD27, a feature of memory B cells (8). Expression
of CD27 and IgD is frequently used to subdivide B cells. IgD"
CD27 " cells represent the naive B cell pool whereas [gD~ CD27*
cells are commonly referred to as switched memory cells. IgD"
CD27* cells have been characterized as non—switched memory
cells or marginal zone-like B cells (9, 10). Healthy asymptomatic
EBV carriers have low numbers of circulating EBV* B cells that
are confined mainly to the IgD~ CD27" compartment but can also
be found among IgD*CD27" cells (11, 12).

To maintain the asymptomatic carrier state, EBV needs to be
under stringent control by the immune system as shown by EBV-
related complications in immunocompromised individuals (1). In
healthy seropositive individuals, EBV-specific T cells control the
outgrowth of transformed cells by recognition of latent and lytic
viral Ags (13). The generation of effector T cells has been studied in
IM, where EBV-specific CD8" T cells expand rapidly and contribute
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to the massive lymphocytosis observed in IM patients. EBV also
stimulates both cytolytic and helper CD4* T cells that can aid in
restriction of virus replication (14, 15).

In vitro studies also demonstrate EBV-induced innate immune
activation, such as accessory cell release of cytokines including type I
IFNs and IL-12 (16, 17). Furthermore, dendritic cells that are ac-
tivated by EBV products can prime naive T cells to become reactive
against newly infected B cells (18). Other early effectors in antiviral
immunity include NK cells. Conflicting data exist regarding their
role in EBV infections (discussed in Hislop et al. (13)); however,
they have been shown to inhibit EBV-induced transformation of
B cells in vitro, partially by IFN-y production (16, 19).

Similar to EBV, primary infection with CMV, a 3-herpesvirus,
generally occurs in early childhood and is followed by life-long
persistence. CMV primarily resides in cells of the myeloid lineage
where it can be intermittently reactivated (20). Interestingly, CMV
can act as a driving force for differentiation of T and NK cells.
Acutely and latently CMV-infected individuals have enriched
populations of late-differentiated T cells expressing the CD57 Ag
and NK cells expressing the activation receptor NKG2C, either
alone or together with CD57 (21-24). The CMV-driven differen-
tiation of T and NK cells involves acquisition of distinct functional
profiles. In the case of cytotoxic T cells this includes lower acti-
vation threshold and higher degranulation and cytokine production
capacity as well as bystander responses, whereas this is not always
the case for NK cells (22, 25, 26). Therefore, an expansion of
specific subsets of effector cells in CMV™* individuals could affect
the quality of subsequent responses toward other infectious agents
as previously suggested (27, 28).

Our group has found that latency with EBV and CMV influenced
functional responses of T and NK cells and that these responses
differed in children coinfected with both viruses compared with
those with EBV alone (29, 30). Furthermore, the time point of
primary EBV infection during early childhood appeared important
for EBV-induced modulation of immune responses (4). Thus, we
hypothesized that the maturational state of the immune system
at primary EBV infection, as well as the presence of other latent
infections, may affect the course of infection and possibly the
long-term immunomodulation by EBV latency. Based on our
results in this study we suggest that apart from degree of immune
maturity (i.e., age), latent CMV infection may affect the efficacy
of EBV infection, likely through IFN-v responses from highly
mature cytotoxic T cells enriched in CMV™ children.

Materials and Methods

Characterization and serostatus of children

Mononuclear cells were collected from cord blood (CBMC) of healthy
neonates. PBMC were obtained from 2- or 5-y-old children who were
selected from an earlier described family cohort (3, 4) on the basis of EBV
seronegativity and CMV serostatus. The presence of serum IgG against
EBV capsid Ag was determined according to previously published im-
munofluorescence assays (31) where a specific fluorescence at a dilution of
1:20 was regarded as a sign of seropositivity. IgG seropositivity to CMV
was determined by ELISA using purified nuclear Ags from CMV culti-
vated in human fetal lung fibroblasts (32), where samples with an OD >
0.2 at a dilution of 1:100 were considered positive. The study was ap-
proved by the Human Ethics Committee at Huddinge University Hospital,
Stockholm, Sweden (DNR 75/97, 113/97, 331/02), and the parents pro-
vided informed verbal consent. No written documentation of the consent
was required, according to regulations at the time of initiation of the study
and in agreement with the Ethics Committee.

Isolation of mononuclear cells from blood, in vitro infections,
and coculture experiments

Following collection of venous blood, CBMC or PBMC were isolated by
Ficoll-Paque (Pharmacia-Upjohn, Uppsala, Sweden) gradient centrifuga-
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tion and cryopreserved in liquid nitrogen. Freshly isolated CBMC and
frozen CBMC displayed similar EBV-induced changes in the B cell pop-
ulation (data not shown), and frozen cells were used throughout.

For the in vitro infections, B95-8 EBV virus containing supernatant was
used. The virus titer of B95-8 EBV was 2.5 X 10° Ramos infectious units.
Ramos infectious units were determined by infection of the EBV ™
Burkitt’s lymphoma B cell line Ramos, followed by anti-complement
immunofluorescent assay to detect the number of infected cells.

The experimental procedure was as follows: PBMC were thawed and
then washed three times. For infections, 10° cells per 100 I B95-8 virus—
containing supernatant were incubated in a humidified incubator at 37°C
and 5% CO, for 90 min with shaking every 30 min. Thereafter, the cells
were washed and resuspended in complete medium (RPMI 1640 supple-
mented with 10% heat-inactivated FCS [Hyclone Laboratories, Logan,
UT], L-glutamine [2 mmol/l], penicillin G-sodium [100 U/ml], and strep-
tomycin sulfate [100 pwg/ml; Merck, Darmstadt, Germany]) to a concen-
tration of 10° cells/ml and plated in 48-well plates (Sarstedt, Niimbrecht,
Germany). Control cultures were plated directly after thaw/wash in com-
plete medium as described above. The cells were analyzed on day 3, 7, or
14 and supernatants were collected and stored at —86°C. Fourteen day
cultures were fed with complete medium once after 7 d. For virus titra-
tions, cells were incubated in 2X (200 wl) 1X (100 wl), 0.5X (50 wl), or
0.1X (10 pl) virus-containing supernatant as described above with residual
incubation volume (up to 100 wl) made up of complete medium.

Where indicated, human recombinant IFN-y (PeproTech, Rocky Hill,
NJ) was added to cultures either once at 10,000 pg/ml after 24 h or at 1000
or 500 pg/ml after 24 h and subsequently every 3 d. For coculture
experiments PBMC were incubated either alone or with an EBV* lym-
phoblastoid cell line (LCL) or EBV ™ Burkitt’s lymphoma B cell line
(Ramos) at an E:T ratio of 1:1 or 1:2 for 3 d.

Flow cytometry

mAbs conjugated to FITC (CD3, CD4, CD14, CD56, CD69, IFN-vy), PE
(CDS8, CD19, NKG2C), allophycocyanin (CD27, CD57), PerCP (CD3,
CD14, CD19, streptavidin), or biotin (IgD) were used for cell labeling
according to standard procedures (all from BD Biosciences [San Diego,
CA], except for NKG2C [eBioscience, San Diego, CA]). For detection of T
and NK cell intracellular IFN-y, GolgiStop (BD Biosciences) was added to
cultures for 4 h. After surface labeling, cells were fixed, permeabilized, and
stained. Data were acquired by a FACSCalibur flow cytometer (BD Bio-
sciences) and analyzed with FlowJo software 9.4 (Tree Star, Ashland, OR).
Live gate was set according to forward/side scatter properties and gating
was performed on CD3*, CD19*, or CD56" cells. Data are presented as
percentage positive cells for a given variable or geometric mean fluores-
cence intensity.

Secreted cytokine measurements

Levels of IFN-a, IFN-y, and IL-10 were measured by sandwich ELISA
(Mabtech, Stockholm, Sweden) according to standard procedures.

Statistical analyses

Statistical differences between groups were evaluated by the Kruskal—
Wallis or Mann—Whitney U nonparametric test, and correlations were
made by the Spearman rank correlation test. Data in text indicate median
(numbers in parentheses indicate range). All analyses were performed with
Statistica (StatSoft, Tulsa, OK). Statistical significance was assumed when
p < 0.05.

Results

Characteristics of transformed B cells in primary in vitro EBV
infection

Infection of CBMC has been widely used to yield immortalized
EBV-transformed LCL. We began by carefully characterizing our
model system using CBMC cultures. First, the presence of EBV-
infected cells was confirmed by immunofluorescence staining
for latent membrane protein-1 and EBV nuclear Ag 2 (33). As well-
documented for in vitro EBV infection, the proportion of B cells
and B cell forward and side scatter properties increased succes-
sively over time until day 14 (Fig. 1A—C) when about half of the
B cell population expressed CD23 (Fig. 1D). The B cell pop-
ulation also acquired the memory marker CD27 (Fig. 1E). The
dose of virus used for infection was optimal in terms of increase in
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Frequency and characteristics of in vitro—transformed CB B cells. CBMC were subjected to in vitro EBV infection and cultured for 3, 7, or

14 d when the characteristics of the CD19* B cell population were assessed by flow cytometry. (A) Gating strategy for CD19* and CD19*CD27" cells
among live-gated cells. For each time point in (B) frequencies of CD19* cells among live gated cells and in (C) CD19" cell forward (FSC-H) and side
scatter (SSC-H) properties are shown. (D) Frequency of CD19*CD23" cells and geometric mean fluorescence intensity (GeoMFI) of CD23 on CD19" cells
on day 14. (E) For each time point, frequency of CD19*CD27* cells is shown. (F) Characteristics of the CD19" population as in (B), (C), and (E) on day 14
using 2X, 1X, 0.5X, or 0.1 X the standard volume of EBV-containing supernatant for transformation. CB (n = 2-5) for each independent experiment.

B cell frequency, changes in morphology, and induction of CD27
expression as shown by titration experiments (Fig. 1F).

In vitro EBV-induced B cell activation and expansion differs
with age

To investigate the course of a primary infection in children of
different ages we used CBMC or PBMC from 2-y-old and 5-y-old
EBV-naive children. Before in vitro EBV infection we examined
the baseline frequency of B cell subsets in the different age groups
ex vivo based on expression of IgD and CD27. As expected, there
was an age-dependent decrease in IgD*CD27™ B cells and a par-
allel increase in IgD*CD27" and IgD~ CD27* B cells. Further-
more, 5-y-old children had higher proportions of IgD CD27~
B cells as compared with 2-y-old children (Table I).

When EBV-infected CBMC cultures were compared with those
of PBMC from 2- and 5-y-old children, the initial B cell expansion,

measured at day 7, was similar in all groups. However, at day 14,
B cells in infected PBMC cultures had expanded significantly less
(Fig. 2A). In CBMC cultures the main EBV-induced change in the
B cell population was a transition into IgD*CD27* B cells,
whereas in PBMC cultures IgD~ CD27* B cells increased. PBMC
cultures from 2-y-olds showed less enrichment of IgD*CD27" but
more IgD~CD27" B cells than did CBMC, and more IgD*CD27*
but less IgD~ CD27" B cells than from 5-y-olds (shown for day 14
in Fig. 2B-D; for day 7, see Supplemental Fig. 1).

IFN responses following in vitro EBV infection varies with age

We measured cytokines linked to viral infection in the 7 and
14 d cultures to assess the quality of immune effector responses and
their relationship to different rates of B cell activation and pro-
liferation. EBV infection stimulated IL-10 production to similar
levels in cultures from both CBMC and PBMC from older children

Table I. B cell subset proportions ex vivo in children of different ages
Cord Blood 2-y-Olds 5-y-Olds

Frequency of Cells (%) n=17) (n=19) n=17) p Value
CD19* 8.5 (4.6-13.4) 16.2 (8.5-28) 14.6 (9.7-19.5) °<0.001, §<0.05, Tn.s.
CD19*IgD*CD27~ 90.7 (85.8-95.9) 82.7 (72.2-89.8) 73.5 (63.3-79.4) °<0.001, §<0.001, 1<0.01
CD19*IgD*CD27* 1.9 (1.1-2.3) 5.4 (2.7-13.6) 7.8 (4.7-10.5) °<0.001, §<0.001, Tn.s.
CD19*IgD~ CD27* 0.4 (0.1-0.5) 5.7 (2.3-10.2) 9.7 (7.2-19.8) °<0.001, §<0.001, 9<0.001
CD19*IgD CD27~ 6.8 (2.8-12) 4.9 (2.1-13.5) 8.2 (6.6-11.6) n.s., *n.s., 1<0.01

Numbers indicate median (range).

“Comparison CB and 2-y-old children.
EiComparison CB and 5-y-old children.
IComparison 2- and 5-y-old children.
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FIGURE 2. In vitro EBV-induced activation and expansion of B cells
differs with age and serostatus to CMV. CBMC or PBMC derived from 2-
or 5-y-old children were subjected to in vitro EBV infection and cultured
for 14 d when the characteristics of the CD19* B cell population were
assessed by flow cytometry. (A) Frequencies of CD19* cells on days 7 and
14 postinfection. (B and E) One representative example for each group of
CD19" cell subset proportions based on IgD and CD27 expression. (C, D,
and F) Comparison of EBV-induced changes in the CD19* IgD*CD27" and
IgD ™ CD27" cell subsets between groups. In (E) and (F), data from the 2-y-
old children are divided into CMV-seronegative (CMV ") or -seropositive
(CMV™) groups. Open circles depict outlier values. CB (n = 5), 2-y-olds
(n=15,CMV ", n =9, and CMV™, n = 6) and 5-y-olds (n = 8). **p < 0.01,
ik < 0.001.

(Fig. 3A), but we observed significant differences in IFN release.
IFN-a levels peaked early and IFN-v later, but production was higher
in EBV-infected PBMC than in CBMC cultures at both time points
(Fig. 3B, 3C). To relate the levels of cytokine release to the expansion
of EBV-infected B cells we performed correlations with data from all
children and found a negative correlation between released IFN-vy,
but not IFN-a or IL-10, and the percentage of B cells in EBV-
infected cultures (r; = —0.46, p = 0.03 for IFN-y; r, = —0.29, p =
0.16 for IFN-a; ry = —0.04, p = 0.82 for IL-10).

Because IFN-y appeared important for control of EBV infec-
tion, we wanted to determine which cells were responsible for the
IFN-v production in infected cultures and stained for intracellular
IFN-y in CD4" and CD8"* T cells and CD3~ CD56" NK cells on
days 7 and 14. At both time points T and NK cells were activated
and produced IFN-v, albeit at low frequencies (CD3*CD4" cells,
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3.8% [0.5-11.5%]; CD3"CD8" cells, 3.7% [1.4-14.7%]; and
CD56" cells, 2.1% (0-12%) positive for IFN-y) at day 14. No
differences were detected between age groups (data not shown).

EBV-induced enrichment of IgD~ CD27* B cells is inhibited in
CMV-seropositive children and associated with high IFN-vy
production

We observed a large spread in data in B cell transition into IgD ™
CD27" in the 2-y-old children (Fig 2D). To address whether this
was dependent on CMV serostatus, we stratified our group of 2-y-
old children into CMV ™~ and CMV™. In infected PBMC cultures
from CMV™ children the EBV-induced enrichment of IgD~CD27*
B cells was significantly smaller than in cultures of CMV ™ chil-
dren (Fig. 2E, 2F). This was not explained by baseline differences
in the frequency and subset composition of the B cell population
between CMV ™~ and CMV™ children (Supplemental Table I). We
then compared the cytokine production on days 7 and 14. IFN-a
or IL-10 levels did not differ between groups (data not shown) but
IFN-v levels were higher in EBV-infected PBMC cultures from
CMV™ children at day 14 (Fig. 3D). Moreover, in infected cultures
from our 2-y-olds we found a strong negative correlation between
released IFN-vy, but not IFN-a or IL-10, and the frequency of
IgD ™ CD27" B cells (r, = —0.85, p = 0.001 for IFN-vy; r, = —0.05,
p = 0.85 for IFN-«; ry = —0.42, p = 0.12 for IL-10).

To directly test the effect of IFN-y on enrichment of IgD™
CD27" B cells, we added recombinant human IFN-vy in different
doses and intervals to EBV-infected PBMC cultures of 2-y-old
CMV ™ children who normally displayed large memory popula-
tions after infection. From all treatments, the EBV-induced in-
crease in [gD ™~ CD27* B cell frequency was reduced by on average
26% (17-40%) in three independent experiments, where contin-
uous addition every 3 d with levels of IFN-y corresponding to
those found in cultures from CMV™* children (500-1000 pg/ml)
was the most effective treatment (Fig. 4).

High frequencies of CD8"CD57" T cells in CMV* 2-y-old
children correlate to IFN-vy levels in EBV infections

CM V-infected individuals have enriched populations of CD57"
T cells and NKG2C*CD57* NK cells (21-24). In accordance with
these studies we found expanded subsets of CD8"CD57" T cells
and NKG2C* and NKG2C*CD57" NK cells prior to EBV infec-
tion among PBMC of our CMV™ 2-y-old children (Fig. 5A, 5B,
Supplemental Table II). Interestingly, upon EBV infection the
frequency of CD8*CD57* T cells doubled in CMV™* children.
Also, in the CMV ™ group the CD8"CD57" T cells increased in
frequency in some, but not all, children (Fig. 5C). To further as-
sess the effect on the CD57-expressing T cell population upon
interactions with infected B cell blasts we incubated PBMC of
CMV™ children together with EBV* LCL at an E:T ratio of 1:1 or
1:2 for 3 d. Coculture with LCL led to a doubling of CD8*CD57*
T cell frequencies in this time period regardless of the size of the
starting population for both ratios (shown in Fig. 5D for 1:1 ratio).
In LCL cocultures CD8" T cells were activated in terms of CD69
expression, and IFN-y was detected in supernatants, which was
not observed in cocultures with the EBV ™~ B cell line Ramos (Fig.
SE, 5F).

CD8"CD57" T cells are known to be potent IFN-y producers
(25, 34) and thus their high frequencies in EBV-infected cultures
may contribute to the high IFN-v levels seen therein. We tried
to assess IFN-vy production in CD8*CD57* versus CD8"CD57
T cells in response to the in vitro infection. As mentioned above,
intracellular detection of IFN-y was low, and we found no dif-
ferences between CD57~ and CD57* CD8™ T cells (CD3*CD8*
CD577, 3.8% [1.1-7.3]; CD3"CD8*CD57*, 4.5% [1.2-5.7%]
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FIGURE 3. IFEN levels following in vitro EBV infection vary with age and serostatus to CMV. CBMC or PBMC derived from 2- or 5-y-old children were

subjected to in vitro EBV infection, and cell culture supernatants were collected and examined for cytokines. Secreted levels of (A) IL-10, (B) IFN-a and
(C, D) IFN-y. Shaded histograms represent control cultures and unfilled EBV-infected cultures. In (D), data from the 2-y-old children are divided into
CMV-seronegative (CMV ") or -seropositive (CMV™). CB (day 7, n = 3; day 14, n = 6-7), 2-y-olds (day 7, n = 6; day 14, n = 12-16; CMV~ day 7, n = 3,
day 14, n = 7-9; CMV* day 7, n = 3, day 14, n = 5-6) and 5-y-olds (day 7, n = 3; day 14, n = 7-8). *p < 0.05, **p < 0.01.

positive for IFN-y) at day 14. However, IFN-y levels in super-
natants on day 14 in the 2-y-old group correlated strongly with the
proportions of CD8"CD57" T cells (r, = 0.83, p = 0.01), indicating
that they contributed to IFN-y production in infected cultures.
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FIGURE 4. IFN-y can reduce EBV-induced enrichment of gD~ CD27*

B cells. PBMC from 2-y-old CMV ™ children (n = 3) were subjected to
in vitro EBV infection and cultured for 14 d. Recombinant human IFN-y
was added either once at 10,000 pg/ml after 24 h, or at 1,000 or 500 pg/ml
after 24 h and subsequently every 72 h. (A) One representative example of
CD19* B cell subset frequencies in control and EBV-infected PBMC
cultures after addition of rIFN-y. (B) Combined data from all three inde-
pendent experiments shown as percentage IFN-y-mediated restriction
(EBV only cultures represent 0% restriction) on frequencies of CD19*
IgD ™ CD27" cells in EBV-infected cultures.

Additionally, there was a strong inverse correlation between the
percentages of CD8*CD57* T cells and CD19* B cells (ry = —0.73,
p = 0.02).

There was no correlation between NKG2C* or CD57* NK cells
to IFN-vy levels (rs = —0.15, p = 0.67 and r; = —0.42, p = 0.29),
and overall effects of in vitro EBV infection on the NK cell
population were inconsistent. In EBV-infected cultures the fre-
quency of CD57" NK cells increased, and the NKG2C™ NK cell
subset decreased in most, but not all, children regardless of CMV
serostatus (Supplemental Fig. 2).

Discussion

The quality of immune responses develops gradually from birth
into adulthood and in the context of the host microbial environment
(35). Herpesviruses represent a significant part of our “virome”
whose role in shaping immunity is becoming more and more
appreciated (36, 37). Owing to the asymptomatic presentation of
EBV during infancy, little is known regarding the course of in-
fection in children of different ages. Our previous studies indicated
that the time point of EBV acquisition during early childhood, and
the occurrence of coinfection with CMV, might affect immuno-
modulation by the virus (4, 29). In this study, we show in an in
vitro—based infection system that a child’s age and serostatus to
CMYV, and subsequent ability to mount IFN-y responses, affect
EBV-induced activation and expansion of B cells.

The generation of EBV-transformed B cell blasts was most
obvious in cultures of CBMC where the B cell population increased
rapidly. EBV infection induced enrichment of CD27" B cells, but
CBMC B cells remained largely IgD™ whereas older children had
large populations of IgD~CD27" B cells with a switched memory
phenotype. The populations of gD~ CD27" B cells may have
arisen through downregulation of IgD and/or class-switching of
infected naive cells. Conversely, memory cells already present in
cultures of older children could have been infected to a higher
extent or may have proliferated faster than other subsets. EBV is
known to induce factors involved in the somatic hypermutation
process, including the enzyme AID (8, 38), although additional
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FIGURE 5. High frequencies of CD8*CD57" T cells in CMV™* 2-y-old children in the presence of EBV-infected cells. PBMC derived from 2-y-old
children that were either CMV-seronegative (CMV ™) or -seropositive (CMV*) were phenotyped by flow cytometry ex vivo. (A) Gating strategy for CD3*
CD4" and CD3*CD8" T cells and typical staining pattern of CD57 expression. (B) Gating strategy for CD56%™ NK cells and typical staining pattern of
NKG2C and CD57 expression. (C) PBMC were subjected to in vitro EBV infection and cultured for 14 d or (D) were cocultured with EBV* LCL at a ratio
of 1:1 for 3 d and the percentage of CD8*CD57" T cells was evaluated by flow cytometry. (E and F) PBMC were cocultured with LCL or the EBV™ B cell
line Ramos at an E:T ratio of 1:1 for 3 d. The percentage of CD8*CD69" T cells (E) and IFN-vy levels in supernatants (F) was evaluated. For infections:
CMV™ (n = 5-9) and CMV" (n = 6-10) 2-y-olds. For coculture experiments: CMV* 2-y-olds (n = 2-3).

T cell signals are needed to alter the Ig phenotype of the parental
population (naive or non-switched memory) (39). Furthermore,
previous studies found that all B cell subsets irrespective of Ig
class and memory status have the same ability to be infected in vitro
and that the proliferation rate of infected switched memory B cells
was equal to that of naive cells (39, 40). Thus, the emergence of
a large IgD~CD27* B cell population in EBV-infected cultures of
older children likely represents acquisition of a memory phenotype
by infected naive cells along with class-switching/downregulation
of IgD, rather than preferential expansion of pre-existing CD27"
B cells. Upon measuring T cell-related cytokines that may have
aided isotype switching, IL-21 and TGF-$ were detected in control
and EBV-infected culture supernatants, but no large differences in
levels were found between age groups, indicating that other factors
also played a role in the propensity of B cells to switch/downregulate
IgD following EBV infection. IL-2, IL-4, and IL-5 were not detected
(data not shown).

There is a possibility that inherent B cell-related factors, other
than B cell subset distribution, in older children gave rise to dif-
ferences in infection rate as compared with CBMC. However, on
day 7 the B cell population appeared to be similarly infected in
all age groups, but as effector responses developed in cultures of

older children, B cell proliferation was slowed. Early studies
have shown that IFN-vy can limit, but not abolish, transformation
of B cells (41, 42), and recently this was proposed to occur
through delayed upregulation of latent membrane protein-1 (16).
IFN-vy levels in cultures on day 14 were negatively correlated to
the percentage of B cells after infection, suggesting that this
cytokine (along with other aspects of T cell activation) (43) was
involved in the inhibition of EBV expansion observed in the
older age groups. In accordance with previous studies (13-16,
19), both T and NK cells were active and produced IFN-v, al-
though intracellular staining revealed little in terms of which cell
type was the main contributor to the secreted IFN-vy. This may be
due to the difficulty in capturing the development of effector cell
responses without more regular kinetic studies throughout this
time period, which were impossible due to restrictions in cell
availability.

Latency with EBV and CMV can affect cell differentiation and
the quality of immune responses (22-26, 29, 30). A key ob-
servation was that EBV-induced enrichment of IgD~ CD27"—
switched memory B cells was restricted in PBMC cultures of
CMV?* 2-y-old children. These cultures also contained more
IFN-v, both in the initial stages of the infection that may be
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important (16) and, later on, as compared with those of CMV "~
children. Furthermore, IFN-vy levels negatively correlated to
frequencies of IgD~CD27* B cells, and addition of rIFN-y re-
duced IgD  CD27" B cells in cultures from CMV ~ children. This
strongly suggests that potent IFN-vy responses activated in cell
cultures of CMV™ children contributed to restriction of IgD~
CD27* B cell formation, although the mechanism whereby this
occurs needs further investigation.

CM V-infected individuals have large populations of CD8*CD57*
T cells (21, 22). These cells are potent effectors owing to high
expression of cytolytic molecules and IFN-y (25, 44). Although we
did not find preferential activation of CD8*CD57* T cells in our
in vitro EBV infections, this population, already at high frequen-
cies in CMV™ children, increased further in EB V-infected cultures
and upon coculture with EBV* LCL (but not with the EBV ™ cell
line Ramos). The increase in frequency could result from prefer-
ential survival/maintenance of this population as opposed to CD8*
CD57 T cells, upregulation of CD57 on CD57  cells, something
that normally occurs upon persistent antigenic stimulation (45), or
through division of pre-existing CD57* cells. Although CD57 has
been associated with replicative senescence (46), these cells are
able to divide under conditions where costimulatory factors are
present (34). Regardless, high frequencies of CD8*CD57" cells
were present in EBV-infected cultures from CMV™* children, and
their proportions correlated strongly to secreted IFN-y levels and
thus to restriction of B cell expansion and memory formation.

Activation of specific memory T cells can occur in response to
secondary related or unrelated infections. This has been shown with
herpesvirus infections, either due to cross-recognition of epitopes
or through bystander activation mediated by the cytokine envi-
ronment (28, 47, 48). Specific memory T cells could also be ac-
tivated as a result of reactivating latent pathogen. Although CMV
may reactivate as a consequence of cytokine-driven differentia-
tion of myeloid cells (20), reactivation is not necessary to acti-
vate CMV-specific T cells in acute EBV, HIV, or hepatitis B virus
infection (28, 48, 49). Collectively, these studies suggest that the
activation of pre-existing memory cells could be important for the
course of a secondary infection and for T cell homeostasis (dis-
cussed in Ref. 50).

In this study, infections were performed with mononuclear cells
that originated from EB V-naive children, as determined by antiviral
serology. This type of serology in children is complicated. In those
children undergoing IM, the development of in particular IgM
responses is highly variable, and PCR may be a more definitive test
for EBV status (51). That the children in this study were indeed
negative for EBV was however strengthened by the fact that their
serostatus was determined at several time points during childhood.
Three to 5 y after the initial analysis >60% of the children were
still EBV ™, indicating strongly that at the time of the present
study they had not recently converted to EBV with ongoing
T cell responses.

Importantly, note that although we employed a well-accepted in
vitro model of EBV infection of B cells within PBMC, the natural
infection occurs in the oropharynx where EBV is spread via saliva
(1). The occurrence of antiviral effector cells and their IFN-y
production in response to EBV infection within this anatomical
compartment could differ from that of blood. For example, NK
cells produce higher levels of IFN-y in tonsillar sites (16), and
T cells that have homed to tonsils during latent EBV infection
have increased cytolytic activity, which correlates with immune
control of primary EBV infection (52).

In summary, data in this study illuminate the EBV infection
process in children, an understudied population due to asymp-
tomatic presentation in childhood. Our study material originated
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from children between birth and 5 y of age, the time period when
the greatest changes in the B cell population occur (53), where
effector cell responses mature, and when EBV is normally en-
countered. We show that in vitro, EBV activation and expansion of
B cells are most evident in CBMC with low antiviral responses and
that the subset of B cells amplified/generated by EBV infection is
dependent on the child’s age, where older children enrich large
switched memory B cell populations. Furthermore, we suggest
that effector T cell populations in CMV™ children increase in
frequency, produce IFN-y upon encounter with EBV-infected
cells, and that this may restrict EBV establishment through lim-
ited formation of switched memory B cells. Thus, immune ma-
turity at primary EBV infection and the presence, or absence, of
viruses with immunomodulatory functions within the host system
may affect the outcome and course of EBV and other related or
unrelated infections.
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