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Abstract

Cytomegalovirus (CMV) induces the expansion of a unique subset of human NK cells expressing
high levels of the activating CD94-NKG2C receptor that persist after control of the infection. We
investigated whether this subset is indeed CMV-specific or is also responsive to acute infection
with Epstein-Barr virus (EBV). Here we describe a longitudinal study of CMV-seronegative and -
seropositive students who were acutely infected with EBV. The NKG2CNi NK subset was not
expanded by EBV infection. However, EBV infection caused a decrease in the absolute number of
immature CD56119"CD16~ NK cells in the blood, and in CMV-seropositive individuals, induced
an increased frequency of mature CD569MNKG2A*CD57* NK cells in the blood that persisted
into latency. These results provide further evidence that NKG2C* NK cells are CMV-specific, and
suggest that EBV infection alters the repertoire of NK cells in the blood.
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Introduction

The human herpesvirus family, including cytomegalovirus (CMV) and Epstein-Barr virus
(EBV), are ubiquitous human pathogens that infect a majority of the world’s population.
These viruses have co-evolved with their human host, usually causing asymptomatic
primary infection after which the virus goes latent and persists for the lifetime of the
individual (1). There are certain populations, however, who are at risk for life-threatening
consequences of these viruses, for example individuals who are immunocompromised due to
hematopoietic stem cell (HSCT) or solid organ transplantation, cancer treatment, or HIV
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infection. In addition, pregnant women who contract CMV can pass the infection to the
fetus, often resulting in birth defects (2).

Natural Killer (NK) cells play a significant role in the immune response against viral
infection. Their importance is underscored by rare individuals who are selectively deficient
in NK cells, and are highly susceptible to herpesviruses, including CMV, EBV, and varicella
zoster virus (3). Recently, a unique population of NK cells expressing the CD94-NKG2C
receptor at high levels was found in CMV-seropositive, but not -seronegative individuals (4,
5). These NKG2Chi cells also express CD57, which marks a population of mature NK cells
with distinct phenotype and function (6). An increased frequency of NKG2C* NK cells was
also found in CMV-seropositive patients (but not CMV-seronegative patients) acutely
infected with chikungunya (7) and hantavirus (8), and chronically infected with HIV-1 (9)
and hepatitis B and C (10), indicating that CMV infection is essential for the generation of
these NKG2CNCD57+ NK cells. In addition, these NK cells were expanded after CMV-
reactivation in patients undergoing HSCT or solid organ transplantation and persist for over
one year after the acute CMV infection (5, 11, 12). These findings are in line with those
from mouse models, in which Ly49H* NK cells specifically respond to CMV infection (13-
15), suggesting that NKG2CNCD57* NK cells might similarly be involved in controlling
human CMV infection.

NKG2C belongs to the NKG2 family of C-type lectin-like receptors expressed by NK cells
and some T cells (16). Members of this family form heterodimers with CD94, and transmit
inhibitory or activating signals, depending on the receptor. NKG2C is an activating member
of the family, associating with the ITAM-containing adaptor protein DAP12, whereas
NKG2A is an inhibitory receptor, possessing two ITIMs in its cytoplasmic tail (17). Both
the CD94-NKG2A and CD94-NKG2C receptors recognize the non-classical HLA-E
molecule, although NKG2A binds with higher affinity than NKG2C. HLA-E presents leader
peptides from classical MHC class | molecules, and recognition by NKG2A transmits an
inhibitory signal, protecting healthy cells from attack by NK cells. HLA-E expressed by
healthy cells does not trigger activation of CD94-NKG2C* NK cells, suggesting that
alterations in the peptide repertoire of HLA-E during CMV infection might cause the
specific expansion of CD94-NKG2C* NK cells.

Epstein-Barr virus is another prevalent herpesvirus, typically causing asymptomatic and
persistent infection (18). If EBV is not acquired at a young age, it is often contracted when
young adults enter college and manifests as infectious mononucleosis (IM) (18, 19). There is
growing evidence that NK cells play a role during EBV infection. During acute EBV
infection, NK cell numbers are significantly increased (19-21). NK cells exhibit greater
cytotoxicity against an EBV-transformed cell line during acute EBV infection (20), and limit
EBV viral load, IM symptoms, and tumor formation in a humanized mouse model (21).
CD56Prght NK cells may control EBV infection and limit transformation of B cells in tonsils
and secondary lymphoid tissues (22, 23).

A recent study reported an increased frequency of NKG2C* NK cells in pediatric patients
who were both CMV- and EBV-seropositive, compared to those who were only CMV-
seropositive (24), suggesting that EBV infection might modulate this NK cell population.
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While this study compared groups of children based on CMV and EBV serological status, it
did not address the effect of acute EBV infection and latency on this compartment. In this
study, we performed a longitudinal analysis of a cohort of EBV-naive university students,
who experienced acute IM to determine whether CD94-NKG2C* NK cells are affected by,
and whether a unique subset of peripheral blood NK cells responds preferentially to acute
EBV infection.

Materials and Methods

Peripheral blood

Cryopreserved PBMC were available from a longitudinal study performed at the University
of Minnesota (19, 25). Pre-infection, acute, and latent EBV infection samples were available
for 15 subjects (8 CMV-seronegative and 7 CMV-seropositive). In addition, blood samples
from 3 CMV- and EBV-seronegative individuals (healthy controls) were analyzed. All
participants gave informed consent, and the University of Minnesota Institutional Review
Board approved all protocols used.

NK cell phenotype and function

To assess function, 5x10% PBMC were recovered overnight in a 37° C incubator in RP10
medium [RPMI-1640 (Corning) supplemented with 10% heat-inactivated FBS (Hyclone), L-
glutamine, penicillin, streptomycin (Corning), and 200 U/ml recombinant human IL-2 (NCI
Biological Repository)]. NK cell degranulation was induced by co-culture at a 1:1 ratio with
the MHC class I-deficient EBV-transformed B lymphoblastoid cell line, 721.221 with FITC-
conjugated mouse anti-human CD107a (BioLegend), and Golgistop (BD Biosciences) in 96-
well flat-bottom plates in a 37° C incubator with 5% CO,. After 4 hours, cells were
harvested and stained with fluorochrome-conjugated antibodies against CD3, CD56, CD16,
CD57, NKG2C, NKG2A, NKG2D, KIR2DL2/DS2/3 (DX27), KIR3DL1 (DX9), KIR3DL?2
(DX31), and KIR2DL1/DS1 (EB6) (5). Cells were analyzed on a BD LSRII flow cytometer
(BD Biosciences) using FlowJo software (Tree Star, Inc.).

Statistical analysis

Statistical analysis was performed using either one-way or two-way ANOVA with a
Tukey’s posttest with Prism software (GraphPad Software). P values of <0.05 were
considered significant.

Results and Discussion

EBV infection does not induce the expansion of NKG2C* NK cells

We analyzed the phenotype of NK cells for 15 individuals who were EBV-naive and
experienced IM during college. Subject information is detailed in Table 1. Of the 7 CMV*
individuals, 3 had an expanded NKG2CNCD57+ subset in the CD56%MCD16* NK cell
population before EBV infection, while none of the CMV™ individuals exhibited this
phenotype (Fig. 1A). Individual 5186 does not express NKG2C, and may have homozygous
deletion of this gene, a trait found in approximately 4% of the general population (26). The
frequency of NKG2CNCD57* NK cells was remarkably stable (Fig. 1B). Acute EBV
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infection did not induce the expansion of the NKG2CNCD57* NK cell subset in either
CMV™ or CMV~ individuals nor did this population change during EBV latency, up to 939
days post-IM. In 2 of the 3 CMV* individuals with the NKG2CNICD57+ subset the
frequency of these cells decreased during acute infection, but returned to pre-infection levels
in latency. EBV viremia during acute infection shows no correlation with the frequency of
NKG2ChCD57* NK cells in either CMV~ or CMV* individuals (data not shown). The
frequency of NKG2C4mCD57~ cells in the CD56PM19M immature NK cell population, which
we hypothesize are the progenitors of the NKG2CN NK cells that expand and acquire CD57
during CMV infection, was stable during EBV infection and into latency (Fig. 1C). We
analyzed NKG2C expression in a small cohort of 3 rare individuals who are CMV™ and
EBV-seronegative (“healthy controls”) and found, as expected, very stable expression even
over a 2.5-year period (Supplemental Fig. 1). Taken together, these data demonstrate that
expansion of the NKG2CNCD57* NK cell subset is not a general response to herpesvirus
infections, but is CMV-specific.

EBV infection induces a CD569MNKG2A*CD57* population in CMV* individuals

As reported (19), we observed that the frequency of CD8" T cells increases during EBV
infection. Although we did not detect an increase in the frequency of total CD3"CD56* NK
cells, we found a significant decrease in the blood in the absolute number of the immature
CD56P119MC D16~ NK cell population (Fig. 2A), reflected as a decrease in the frequency of
CD56Prght immature NK cells (Fig 2B). While it is unclear from our studies of PBMC
whether this shift is due to maturation or trafficking, Munz and colleagues have reported that
the CD56PM19Nt NK cell subset is important for controlling infection in the tonsils (22, 23),
suggesting that these cells may be recruited from peripheral blood even into latency.
Another study reported an increased frequency of the CD56PM19Mt subset in acute IM subjects
compared to healthy controls (20). However, our data are based on a prospective cohort for
which pre-infection, acute IM and latent infection samples were analyzed, and this may
account for the discrepancy. In EBV- and CMV-seronegative healthy controls, the frequency
of both the CD56P119Mt and CD569M subsets are remarkably stable over the course of at least
2.5 years, suggesting that EBV infection is modulating this population shift (Fig 2C). We
also analyzed expression of NKG2A, the inhibitory counterpart to NKG2C, and CD57
during EBV infection (Fig. 3A). Expression of NKG2A on the immature CD56°119"t NK
cells was stable during infection and into latency, regardless of CMV status (Fig. 3B). In
contrast, the frequency of total NKG2A* NKG2C~ NK cells in the mature CD564Im
population was markedly increased during acute IM, and remained high in latency, in CMV*
but not CMV~ individuals (Fig. 3C). In latency, the population of NKG2A* cells co-
expressing CD57 is significantly higher in CMV* compared to CMV-individuals, and
compared to pre- and acute infection timepoints (Fig. 3D). In healthy controls, however, the
frequencies of NKG2A* and NKG2A*CD57* NK cells in the CD569™ population were
remarkably stable (Fig. 3E). Taken together, these data indicate that CMV and EBV co-
infection induces an increased frequency of a distinct CD569MNKG2A*CD57* NK cell
population in the blood that persists into latency.
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EBV infection does not induce expansion of a specific KIR subset

We examined the cell surface expression of the killer-cell immunoglobulin-like receptors
(KIR) -2DL2/3/DS2, -3DL1, -3DL2, and -2DL1/DS1 to determine whether there is EBV-
specific modulation of these receptors. Expression of these KIRs fluctuates during acute IM,
regardless of CMV status (Fig. 4A and B), likely a reflection of the changing environment in
acute infection. In EBV-infected, CMV™ individuals, return to baseline KIR expression
occurs within a year of infection (latent samples ranged from 333-886 days post-IM) (Fig.
4A\). For three of the CMV* individuals, there is a trend towards a decreased frequency of
KIR™ cells in latency, compared to pre-infection frequencies (Fig. 4B), indicating that up to
939 days post infection, the KIR repertoire is still altered. These data are in line with those
of Malmberg and colleagues, suggesting that CMV infection alters the KIR repertoire, and
that this phenotype is stable for up to 4 years (27). While they found that these alterations
are not seen in CMV™ individuals, even those who are EBV-seropositive, our data would
suggest that co-infection further alters KIR expression. KIR expression on NK cells from
healthy controls was stable (Supplemental fig. 2). Nevertheless, there was no expansion of a
unique KIR subset during EBV infection, suggesting that these KIRs are not specifically
involved in the response to EBV infection.

The NKG2Chi NK cell subset does not show altered function after EBV infection

The persistence of NKG2CNCD57* cells in CMV* individuals suggests that these may be a
population of long-lived NK cells involved in controlling CMV. In support of this, Miller
and colleagues have shown that after HSCT, NKG2CNi NK cells expand in response to
CMV-reactivation (11). It is unknown whether NKG2CN or NKG2A*CD57* NK cells
respond with more potent function after infection with EBV. To test this, we co-cultured NK
cells with the EBV-transformed cell line 721.221 and measured degranulation by CD107a
expression (Fig. 5A). Due to the heterogeneity of the response from individual-to-individual,
we calculated the ratio of CD107a expression in the NKG2CNCD57+ or the
NKG2A*CD57* NK cell subsets to that of the total NK population. Before and after acute
EBV infection, regardless of CMV status, a similar proportion of either NKG2CNCD57*
(Fig. 5B) or NKG2A*CD57* (Fig. 5C) NK cells degranulated in response to EBV-
transformed targets. These data suggest that acute EBV infection does not modulate the
function of these NK cell subsets.

In summary, these data provide strong evidence that the NKG2CNCD57* NK cell subset is
specific for CMV infection, and is not a generalized response to herpesvirus infections. It is
surprising that the frequency of NKG2A*CD57* NK cells is higher only in CMV-
seropositive individuals. Along with the decrease in KIR* NK cell frequency, these data
suggest that co-infection alters the repertoire, with an increased population of KIR™ NK cells
in the blood. The frequency of NKG2A*CD57* NK cells in the KIR™ subset is higher than
in cells expressing one or more KIRs only in CMV™ individuals (Hendricks, unpublished
observations), suggesting that NKG2A may be licensing these cells in the absence of
inhibitory KIR expression, and CD57 is marking their prior expansion in response to EBV
infection. These longitudinal studies clearly show that EBV infection can affect the NK cell
repertoire and suggest that persistent infection with EBV may have long-term effects on the
NK cell population in the individual.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Acute EBV infection does not expand the NKG2C* NK cell compartment
PBMC from CMV~ (n=8) and CMV* (n=7) individuals who contracted EBV were analyzed by flow cytometry for NKG2C and

CD57 expression. A) Representative plots with gates showing the NKG2CNCD57* subset in the CD3~CD569MCD16* NK cell
population from CMV~ (top panel) and CMV™ (bottom panel) individuals. Frequency per individual before and during acute and
latent EBV infection of: B) CD3-CD56%MCD16* NK cells that are NKG2CNICD57*, and C) CD3~CD56PM9NMCD16~ NK cells
that are NKG2CYmMCD57-, graphed by CMV serological status (CMV™ top; CMV* bottom).
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Significance was determined by one-way ANOVA, *p<0.05, **p<0.009, ***p<0.001, ****p=0.0001.
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Figure 3. EBV infection induces a CD569MNKG2A*CD57* population in CMV* individuals
PBMC from CMV~ (n=8) and CMV* (n=7) individuals before (pre), during (acute), and after (latent) EBV infection and from

healthy controls (n=3) were analyzed by flow cytometry for NKG2A and CD57 expression on CD3"CD56" NK cells. A)
Representative plots showing NKG2A and CD57 expression by CD5619M (left panels) and CD56™M (right panels) NK cells.
Frequency of NKG2A expression by: B) CD3"CD5619"CD16™, and C) CD3~CD569MCD16" NK cells, and D) frequency of
NKG2A*CD57* NK cells in the CD3-CD569MCD16* population from CMV~ (closed circles @) and CMV™* (open circles O)

individuals. E) Frequency of NKG2A and CD57 expression by CD3~CD569MCD16* NK cells from healthy controls.
Significance was determined by two-way ANOVA, *p< 0.05, **p<0.007.
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Figure 4. EBV infection does not induce expansion of a specific KIR subset
PBMC from A) CMV~ (n=6) and B) CMV™ (n=5) individuals before (pre), during (acu), and after (lat) EBV infection were

analyzed for expression of the KIRs -2DL2/3/DS2, -3DL1, -3DL2, and -2DL1/DS1 by CD3CD56%MCD16* NK cells. Graphs
show percentage of KIR* cells for each individual at pre, acute, and latent infection timepoints.
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Figure 5. NKG2ChCD57* and NKG2A*CD57* NK cells exhibit similar function before and after EBV infection
PBMC were co-cultured with the EBV-transformed cell line 721.221 or left unstimulated and stained with CD107a to assess

degranulation by total, NKG2ChCD57*, and NKG2A*CD57* NK cells in the CD3~CD569MCD16* population. A)
Representative plots showing CD107a expression by unstimulated (unstim) or stimulated (721.221) total (top panels),
NKG2ChiCD57* (bottom left panel), and NKG2A*CD57* (bottom right panel) NK cells. Graphs show the ratio of CD107a
expression by B) NKG2CNCD57+ and C) NKG2A*CD57* NK cells to that of total NK cells for each individual before (pre),
during (acu), and after (lat) EBV infection. Ratios were determined by dividing the percentage of CD107a* NKG2CNCD57* or
NKG2A*CD57 by the percentage of CD107a* total NK cells.
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Subject information

Subject | CMV | NKG2CM | *pre- | ™ Latent
ID statusT | CD57+ | infection | infection
5001 Pos No -361 516
5036 Pos No -698 341
5065 Pos Yes -552 179
5139 Pos Yes -284 534
5186 Pos Null -132 919
5243 Pos No -202 118
5524 Pos Yes -188 939
5068 Neg No -480 333
5178 Neg No -304 662
5214 Neg No -197 782
5219 Neg No -402 681
5406 Neg No -498 384
5428 Neg No -108 597
5477 Neg No -185 886
5483 Neg No -100 328
5099 Neg No No EBV control
5128 Neg No No EBV control
5144 Neg No No EBV control

TPos = positive; Neg = negative; Subject 5186 does not express surface NKG2C

*
Numbers show days before and

Fk

days after onset of acute EBV infection
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