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Abstract: Expansion of natural killer (NK) cells expressing NKG2C occurs following human
cytomegalovirus (HCMV) infection and is amplified by human immunodeficiency virus (HIV)
co-infection. These NKG2C-expressing NK cells demonstrate enhanced CD16-dependent cytokine
production and downregulate FcεRIγ and promyelocytic leukemia zinc finger protein (PLZF). Lacking
NKG2C diminishes resistance to HIV infection, but whether this affects NK cell acquisition of
superior antibody-dependent function is unclear. Therefore, our objective was to investigate whether
HCMV-driven NK cell differentiation is impaired in NKG2Cnull HIV-infected individuals. Phenotypic
(CD2, CD16, CD57, NKG2A, FcεRIγ, and PLZF expression) and functional (cytokine induction and
cytotoxicity) properties were compared between HIV–infected NKG2Cnull and NKG2C-expressing
groups. Cytokine production was compared following stimulation through natural cytotoxicity
receptors or through CD16. Cytotoxicity was measured by anti-CD16-redirected lysis and by classical
antibody-dependent cell-mediated cytotoxicity (ADCC) against anti-class I human leukocyte antigen
(HLA) antibody-coated cells. Our data indicate highly similar HCMV-driven NK cell differentiation
in HIV infection with or without NKG2C. While the fraction of mature (CD57pos) NK cells expressing
CD2 (p = 0.009) or co-expressing CD2 and CD16 (p = 0.03) was significantly higher in NKG2Cnull

HIV-infected individuals, there were no significant differences in NKG2A, FcεRIγ, or PLZF expression.
The general phenotypic and functional equivalency observed suggests NKG2C-independent routes
of HCMV-driven NK cell differentiation, which may involve increased CD2 expression.
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1. Introduction

Human cytomegalovirus (HCMV) is a large double-stranded DNA beta-herpes virus that has
established lifelong, primarily latent infection in a large fraction of the global population [1,2].
In healthy hosts, reactivation of HCMV is generally well controlled by a robust immune response
and, therefore, remains clinically asymptomatic [1–3]. However, over time, both the adaptive and
innate branches of the human immune system evolve towards dedicating an inordinate fraction
of their resources towards HCMV surveillance [4]. Infection with HCMV triggers expansion of a
usually minor CD57posNKG2Cpos natural killer (NK) cell subset and expansion of this subset is
exaggerated among immunocompromised hosts, such as transplant recipients and individuals infected
with human immunodeficiency virus (HIV) [5–13]. An increased proportion of peripheral blood NK
cells expressing the activating receptor NKG2C clearly illustrates the selective influence of HCMV
infection imprinted on the host immune system. These NKG2Cpos NK cells usually co-express the
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maturation marker CD57 and are functionally distinguished from the rest of the NK cell population
by enhanced CD16-dependent cytokine production [14,15]. The CD57posNKG2Cpos NK cells also
undergo epigenetic remodeling of the interferon (IFN)-γ promoter region to favor increased production
of IFN-γ [16–21]. Since their expression is, for the most part, mutually exclusive, another notable
feature of the expanded NK cell population is absence of NKG2A, which is the inhibitory counterpart
to NKG2C [22]. Further phenotypic and functional adaptation of NK cells to HCMV infection is
reflected in reduced levels of the promyeloctic leukemia zinc finger protein (PLZF) transcription factor
and reduced levels of FcεRIγ, which is a signaling adaptor protein associated with CD16 [18,19,21].
Reduced expression of this adaptor protein is actually associated with enhanced CD16-dependent
signaling, potentially through replacement of FcεRIγ with a more potent adaptor protein, such as
CD3ζ [23]. Despite conventional depiction of NK cells as innate immune cells, a large proportion
of CD57posNKG2Cpos NK cells acquire phenotypic and functional features associated with adaptive
immune memory in response to HCMV infection. Maturation of NK cells into memory-like cells with
enhanced cytokine responses to stimulation through CD16 has been reported to occur similarly in
HIV-infected individuals infected with HCMV [24].

Although initially associated with NKG2C expression, memory NK cell features are not restricted
to NKG2Cpos NK cells. Homozygous deletion of a 16 kb region of the genome encompassing the
NKG2C gene (KLRC2) is relatively common [25]. Individuals with this deletion, herein termed
NKG2Cnull, generally maintain subclinical HCMV infection, even in the case of co-infection with HIV,
but are at greater risk for more rapid disease progression once HIV infection occurs [26–28]. Maturation
of NK cells in response to HCMV infection does take place for NKG2Cnull individuals, but the rate
and extent of maturation compared to that of NK cells expressing NKG2C, and whether compensatory
features are involved, remain in question [5,29–32]. Thus, there is no consensus on whether NK
cell maturation in response to HCMV infection is impaired in NKG2Cnull hosts and little has been
reported on NK cell phenotype and function in NKG2Cnull HCMV-infected individuals co-infected
with HIV. Since HIV-infected individuals infected with HCMV generally have larger populations of
CD57posNKG2Cpos differentiated NK cells than do healthy controls infected with HCMV, we reasoned
that any deficits or detours in NK cell differentiation related to a lack of NKG2C expression might be
more readily visualized in this setting [5,13]. Therefore, we investigated the effect of NKG2C gene
deletion on phenotypic and functional NK cell maturation in HIV-infection by analyzing NK cells from
NKG2Cnull and NKG2C-expressing hosts matched for age and HCMV/HIV infection history. Our aim
was to determine whether HCMV-driven NK cell maturation into enhanced effectors is comparable
between NKG2Cnull and NKG2C-expressing individuals.

2. Materials and Methods

2.1. Sample Collection and Peripheral Blood Mononuclear Cell Isolation

This study received approval from the Health Research Ethics Authority of Newfoundland
and Labrador, Canada. Study subjects were recruited through the Newfoundland and Labrador
Provincial HIV Clinic in St. John’s, Newfoundland and gave written informed consent and access
to clinical laboratory information in accordance with the Declaration of Helsinki. This study was
carried out in accordance with the recommendations of the Canadian Tri-Council Policy Statement:
Ethical Conduct for Research Involving Humans. Blood was collected by forearm venipuncture
into acid-citrate dextrose-containing vacutainers and peripheral blood mononuclear cells (PBMC)
were isolated by density gradient centrifugation using Ficoll-Paque PLUS lymphocyte isolation
medium (GE Healthcare, Chicago, IL, USA). Cells were counted, resuspended in freezing medium
at 1 × 107/mL, cooled to −80 ◦C at 1 ◦C/minute overnight, and stored in liquid nitrogen until use.
Freezing medium was lymphocyte medium: RPMI with 10% fetal calf serum (FCS), 200 IU/mL
penicillin/streptomycin (P/S), 1% 1 M HEPES, 1% L-glutamine (all from Invitrogen, Carlsbad, CA,
USA), and 2.0 × 10−5 M 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA) with 10% dimethyl
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sulfoxide and supplemented to 20% FCS. Samples were incubated overnight at 37 ◦C in 5% CO2 in
lymphocyte medium for recovery.

2.2. Identification of NKG2Cnull Individuals and a Matched Control Group

Individuals with <1% NKG2C-expressing NK cells (CD3negCD56pos) by flow cytometry were
subsequently genotyped by polymerase chain reaction (PCR) to test for homozygous KLRC2 deletion.
Amplification involved two sets of forward and reverse primers, “NKG2C” and “Break” (Integrated DNA
Technologies, Coralville, IA, USA), designed by Miyashita et al. to detect NKG2C gene deletions [25].
The PCR conditions established in our laboratory differed from those of Miyashita et al. in the annealing
conditions (30 s at 45 ◦C for annealing), and that both NKG2C and Break reactions were amplified under
identical conditions. After gel electrophoresis, DNA bands were visualized with SYBR Safe™ DNA gel
stain (Invitrogen, Carlsbad, CA, USA) using the Kodak Gel Logic 440 Imager (Kodak, Rochester, NY, USA).

Eight NKG2Cnull individuals identified by PCR genotyping in our study cohort of HIV-infected
individuals were matched to an HIV-infected NKG2C-expressing control group (NKG2Cmatch) based
primarily on age, duration of HIV infection, and CD4pos T cell nadir. All NKG2Cnull individuals
and matched controls were co-infected with HCMV. We also compared anti-HCMV IgG levels
measured by enzyme-linked immunosorbent assay and anti-CMV CD8pos T cell responses, which are
measured as IFN-γ-expressing CD8pos T cells post-stimulation with overlapping HCMV peptides from
immunodominant pp65 and IE-1 proteins between the groups [5,33] (see Table 1 for NKG2Cnull and
NKG2Cmatch subject characteristics).

2.3. Flow Cytometry

PBMC were stained for extracellular markers (clones in parenthesis) with anti-CD2 (RPA-2.10,
BioLegend, San Diego, CA, USA), anti-CD3 (BW264/56), anti-CD16 (3G8), anti-CD56 (REA196),
anti-CD57 (TB03), anti-NKG2A (REA110), all from Miltenyi Biotec, Auburn, CA, USA and anti-NKG2C
(134591, R&D Systems, Minneapolis, MN, USA). LIVE/DEAD Fixable Far Red (Invitrogen) was
used to exclude dead cells. Fixation and permeabilization were performed using MACS Inside
Stain Kit (Miltenyi Biotec) with polyclonal goat anti-human FcεRIγ (EMD Millipore, Etobicoke, ON,
Canada), anti-IFN-γ (4S.B3), and anti-TNF-α (MAb11) from eBioscience, San Diego, CA, USA added for
intracellular staining. The fluorescence minus one strategy was used to adjust multicolor compensation.
Phenotypic analysis was performed using Kaluza Flow Cytometry Software 1.2 after data acquisition
on a MoFlo Astrios EQ flow cytometer (both Beckman Coulter, Brea, CA, USA).

2.4. NK Cell Stimulations

To measure general NK cell activation in vitro through natural cytotoxicity receptors (NCR), class
I human histocompatibility-linked antigen (HLA) deficient erythroleukemia K562 cells (ATCC® #CCL
243™) were incubated with PBMC at an effector to target (E:T) ratio of 5:1 (2 × 106 PBMC:4 × 105

K562 cells). To selectively measure antibody-dependent NK cell activation in vitro, 2 µg anti-CD16
monoclonal antibody (LEAF™ 3G8, BioLegend), was added to 2 × 106 PBMC in 2 mL lymphocyte
medium. After one hour, Brefeldin A (Sigma-Aldrich) was added to both stimulations to a final
concentration of 10 µg/mL followed by an additional 15 h incubation whereby IFN-γ and TNF-α
production was measured after intracellular staining. All cell lines used were cultured at 37 ◦C in 5%
CO2 in lymphocyte medium and maintained in a log phase growth for labeling.

2.5. Cytotoxicity Assays

Two NK cell cytotoxicity assays were used to compare CD16-mediated NK cell cytotoxicity
between groups. The C1R-B27 B lymphoblastoid cell line (Dr. Kelly MacDonald, University of
Manitoba, Canada) coated with anti-HLA class I antibodies served as the NK cell target in a classical
ADCC assay [34]. The pan-anti-HLA class I antibody (Ab) used in this assay at 1 µg/mL was produced
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by the W6/32 murine B cell hybridoma (ATCC® HB-95™). The second assay measured killing of the
murine mastocytoma cell line, P815 (ATCC® TIB-64™) by anti-CD16 redirected lysis using LEAF™
3G8. Approximately 1 × 106 target cells were pelleted and labeled with 100 µCi sodium 51chromate
(Na2

51CrO4, Perkin-Elmer, Waltham, MA, USA) for 90 min. Cytotoxicity assays were performed in
duplicate in U-bottom 96-well microtiter plates (BD Biosciences, San Jose, CA, USA) at E:T 50:1. Serial
dilutions of anti-CD16 and anti-HLA class I antibodies estimated half-maximal effective concentrations
(EC50). P815 cells were plated with 12 doubling dilutions of LEAF™ 3G8 from an initial concentration of
100 ng/mL. C1R-B27 cells were incubated with six doubling dilutions of the W6/32 antibody, starting
from 1 µg/mL. Test wells contained 200 µL diluted Ab in lymphocyte medium, 50 µL 51Cr-labeled target
cells at an initial concentration of 1 × 105/mL, and 50 µL PBMC at an initial concentration of 5 × 106/mL.
Maximum and minimum release wells contained 50 µL targets with 250 µL 1N hydrochloric acid or
lymphocyte medium, respectively. Both assays incorporated no-Ab controls as the background. After 5 h
of incubation, 110 µL of sample was removed from each well and the 51Cr released was counted on a
Wallac 1480 Wizard Gamma Counter (Perkin-Elmer). Percent specific lysis was calculated as [(experimental
51Cr release − minimum 51Cr release)/(maximum 51Cr release − minimum 51Cr release)] × 100.

2.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software version 6 (GraphPad Software,
La Jolla, CA, USA). Data were represented as mean ± standard deviation (SD) when normally distributed
or as median ± interquartile range (IQR) when not normally distributed. Normal distribution was
assessed by D’Agostino and Pearson and Shapiro-Wilk normality tests. If either test indicated non-normal
distribution, the data were treated as not normally distributed. If data were normally distributed,
the unpaired Student’s t test was used to assess the probability of intergroup differences, and the
Mann-Whitney U test when data were not normally distributed. Comparisons within groups were carried
out with paired Student’s t test when data were normally distributed and with the Wilcoxon signed rank
test otherwise. Differences were considered statistically significant when the two tailed p value was ≤0.05.

3. Results

3.1. General Characteristics of NKG2Cnull and NKG2Cmatch Groups

An HIV-infected control group was selected for comparison with the eight NKG2Cnull HIV-infected
individuals we identified based on age, sex, and previous extent of the HIV-related disease progression
(CD4pos T cell nadir). All subjects in both groups were receiving a combination of anti-retroviral therapy
(cART) with a duration on treatment ranging from 5 to 23 years in the NKG2Cnull group and from
4 to 23 years in those selected as matches. Occasional blips or viral breakthroughs occurred over
the duration of infection, but, for the most part, a virus load was maintained below detectable levels.
All subjects were seropositive for HCMV with no significant difference in the percentage of NK cells in
the lymphocyte population or in anti-CMV IgG levels, as measured by ELISA. However, the NKG2Cnull

group had a significantly greater CD8pos T cell response (p = 0.05, Mann-Whitney U test) against the
immunodominant pp65 and IE-1 HCMV antigens, compared to the matched controls (Table 1).

Table 1. Characteristics of HIV-infected NKG2Cnull and matched control groups.

NKG2Cnull NKG2Cmatch p Value

Age in years (mean ± SD) 50.1 ± 9.6 48.3 ± 10.0 ns
Sex 7 ♂, 1 ♀ 7 ♂, 1 ♀ ns

CD4pos T cell nadir (mean ± SD) a 295 ± 223 240 ± 208 ns
% NK cells (mean ± SD) b 8.7 ± 4.7 11.2 ± 5.4 ns

Anti-CMV IgG (mean ± SD) c 1.34 ± 0.41 1.10 ± 0.37 ns
% HCMV-specific CD8pos T cells (median with IQR) d 7.4 (2.7–11.4) 1.6 (0.3–4.5) 0.05

a Lowest recorded CD4pos T cell count/µL peripheral blood. b Percentage of lymphocytes CD56posCD3neg. c Optical
density of ELISA reading with plasma diluted 1:500. d Percentage of CD8pos T cells producing IFN-γ following
exposure to overlapping peptides from HCMV pp65 and IE-1 proteins.
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3.2. Phenotypic Comparison of NK Cells from NKG2Cnull and a Matched Control Group

We compared phenotypic NK cell features between groups by flow cytometry with gating,
as shown (Figure 1A–F). LIVE/DEAD stain was used to exclude dead cells after gating on the
lymphocyte population (Figure 1B) and CD3negCD56pos lymphocytes in the lower right quadrant
(Figure 1C) were selected for further phenotypic analysis. We then compared expression levels of
CD2, CD16, and CD57, which are general markers for NK cell maturation (Figure 1G–I), and the
expression of NKG2A, FcεRIγ, and PLZF, the loss of which relate to HCMV-driven NK cell maturation
(Figure 1J–L). No significant differences were observed in comparing mean or median levels of any
of these markers between the NKG2Cnull and matched control groups. This indicates that NK cells
from NKG2Cnull HIV-infected individuals undergo similar phenotypic maturation to those from
HIV-infected individuals expressing KLRC2.

To investigate whether NK cell maturation followed a similar pattern in the NKG2Cnull and
NKG2Cmatch groups, we compared levels of the same markers on the entire NK cell population versus
the mature (CD57pos) NK cell populations within the two groups and on mature NK cell populations
between the two groups. For CD2, a significantly higher percentage of mature NK cells expressed
this marker in the NKG2Cnull group (p = 0.036), while there was no significant difference in the
NKG2Cmatch group (Figure 2A). A higher percentage of mature NK cells expressed CD16 in both
groups (p = 0.031, Figure 2B) or co-expressed CD2 and CD16 (p = 0.031, Figure 2C). Despite levels
of these markers not being significantly different between groups in terms of the general NK cell
population (Figure 1), a significantly higher percentage of mature NK cells within the NKG2Cnull

group expressed CD2 (p = 0.009, Figure 2A), or co-expressed CD2 and CD16 (p = 0.03, Figure 2C)
when compared to the NKG2Cmatch group. A significantly lower percentage of mature NK cells
expressed the NKG2A inhibitory receptor compared to the reciprocal population in both groups
(p = 0.031, Figure 2D). These results suggest that there may be selective expansion and maturation of
CD2-expressing NK cells in HIV-infected individuals lacking the NKG2C gene.

Figure 1. Cont.
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Figure 1. Phenotypic comparison of NK cells from NKG2Cnull and matched subjects. Cryopreserved
PBMC were stained after overnight recovery with antibodies against human CD2, CD3,
CD16, CD56, CD57, and NKG2A (extracellular) followed by FcεRIγ and PLZF (intracellular)
fluorochrome-conjugated antibodies for flow cytometry. The gating strategy shown proceeds
through selection of (A) the lymphocyte population, (B) exclusion of dead cells, and (C) selection
of CD3negCD56pos NK cells for further analysis of (D–F) CD2, CD16, CD57, NKG2A, FcεRIγ, and
PLZF expression (G) Percent CD2pos, (H) CD16pos, (I) CD57pos, (J) NKG2Apos, (K) FcεRIγneg, and
(L) PLZFneg NK cells were compared between the NKG2Cnull and NKG2Cmatch groups. Data were
displayed as mean values with SD and differences compared by the Student’s t test when data are
normally distributed (K,L). Data are displayed as median with IQR and differences are compared
by the Mann-Whitney test when they were not normally distributed (G–J). Statistically significant
differences are shown on graphs above lines spanning comparison groups.

Loss of FcεRIγ and PLZF from NK cells is associated with more potent antibody-dependent
cytokine production in HCMV-infected individuals and is reportedly more common among the mature
(CD57pos) NK cell population [8,11,21]. Our results indicated a similar mean proportion of mature
CD57pos NK cells in both groups (Figure 1F) and, in contrast with previous reports, we found no
selective increase in the FcεRIγneg NK cell fraction among mature CD57pos NK cell populations
compared to the entire NK cell population (Figure 2E). The percentage of NK cells expressing PLZF
also did not differ significantly between groups, but, as we observed for NKG2A, the number of
mature NK cells lacking expression of PLZF was significantly increased compared to the reciprocal
population in both the NKG2Cnull (p = 0.0007) and NKG2Cmatch (p = 0.0025) groups (Figure 2F). Thus,
NK cells from both of these groups infected with HIV behave similarly in terms of losing expression of
NKG2A, FcεRIγ, and PLZF in adaptation to HCMV infection.
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Figure 2. The maturation pattern of NK cells from the NKG2Cnull and NKG2Cmatch groups. The same
gating strategy as described in Figure 1 was used to compare (A) CD2, (B) CD16, (C) CD2/CD16,
(D) NKG2A, (E) FcεRIγ, and (F) PLZF expression on the entire NK cell population and CD57pos

mature NK cells both within and between groups. The percentage of a particular marker positive
or negative within the CD57pos population was calculated as (% markerpos/neg within the CD57pos

NK fraction/% total CD57pos NK cells) × 100. Data were displayed as median values with IQR and
the probability of differences between groups was calculated by the Mann-Whitney U test when data
were not normally distributed with paired comparisons within groups performed by the Wilcoxon
signed rank test (A–E). Data were displayed as mean values with SD and differences between groups
compared by the Student’s t test when data were normally distributed with paired comparisons within
groups carried out using the Student’s paired t test (F). Statistically significant differences are shown
on graphs above lines spanning comparison groups.

3.3. Comparison of Cytokine Production by NK Cells from NKG2Cnull and NKG2Cmatch Groups

To investigate whether the general phenotypic equivalence of the groups’ NK cells extended
across their function, we first measured the fractions of NK cells expressing IFN-γ or TNF-α following
stimulation with K562 cells. Similar fractions of NK cells from both groups responded to stimulation
with K562, measured by IFN-γ and TNF-α expression (Figures 3A and 3B, respectively). These data
indicate that NK cells from NKG2Cnull and NKG2Cmatch groups were functionally equal in terms
of general activation with response to stimulation through NCR by K562 cells. Since adapted NK
cells are reportedly superior in terms of antibody-dependent cytokine production, we next measured
NK cell activation through CD16 receptors [14,15]. Responses triggered by anti-CD16 (Figure 3C,D)
were notably stronger than those stimulated by K562 cells (Figure 3A,B). Again, we saw no significant
differences between groups in either IFN-γ or TNF-α production in response to stimulation through
CD16 (Figures 3C and 3D, respectively). Our results also indicate equivalence between groups in
terms of pro-inflammatory cytokine responses to CD16 stimulation, as measured by IFN-γ and TNF-α
expression. These results are generally consistent with functional equivalency of NK cells from
NKG2Cnull and matched controls co-infected with HCMV and HIV in terms of pro-inflammatory
cytokine production following stimulation though either NCR or through CD16.
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Figure 3. Comparison of cytokine responses to stimulation through NCRs or CD16 for NK cells from
NKG2Cnull and NKG2Cmatch groups. After overnight recovery, cryopreserved PBMC from NKG2Cnull

and NKG2Cmatch individuals were incubated with K562 cells (A,B) in 1 mL lymphocyte medium at E:T
5:1 (2 × 106 PBMC:4 × 105 K562) or with the 3G8 mAb (C,D) at 1 µg/mL for 16 h at 37 ◦C with 5% CO2.
Brefeldin A was added to a final concentration of 10 µg/mL after the first hour. Post-stimulation, PBMC
were labeled with fluorescence-conjugated antibodies to identify NK cells expressing IFN-γ (A,C) and
TNF-α (B,D). Data were displayed as mean values with SD and differences compared by the Student’s
t test when data were normally distributed (B–D) or displayed as median with IQR and differences
compared by the Mann-Whitney U test when they were not normally distributed (A). There was no
significant difference between groups in median expression of IFN-γ after K562 stimulation or mean
expression of TNF-α among NK cells between groups. Statistically significant differences are shown on
the graph above a line spanning the comparison groups.

3.4. Comparison of ADCC by NK Cells from the NKG2Cnull and Matched Control Groups

We next compared NK cell cytotoxicity against antibody-treated cell lines in anti-CD16 redirected
cytotoxicity and classical ADCC assays. At optimal Ab concentrations, there was no significant
difference between the NKG2Cnull and NKG2Cmatch groups in the level of either anti-CD16 redirected
lysis of P815 cells (Figure 4A) or antibody-dependent lysis of C1R-B27 cells (Figure 4B). These data
indicate equivalence between groups in their capacity for ADCC and anti-CD16 redirected lysis
regardless of NKG2C expression. However, measuring cytotoxicity at only one Ab concentration
does not address possible differences in sensitivity to triggering through CD16. To test whether the
sensitivity of triggering through CD16 differed between groups, we repeated cytotoxicity assays with
serial dilutions of 3G8, which ranged over 12 doubling dilutions from 100 ng/mL to 0.05 ng/mL, and
anti-HLA-I Ab W6/32, which ranged from 1000 ng/mL to 16 ng/mL over six doubling dilutions.
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Figure 4C,D represent Ab titrations. The 50% effective Ab concentration (EC50), which is defined as
the concentration required to elicit a half maximal cytotoxicity response, was estimated for NK cells
by each subject and compared between groups. Both the NKG2Cnull and NKG2Cmatch groups had
a similar mean EC50 of ~125 ng/mL for W6/32 Ab titration in ADCC assays and were similar with
respect to the 3G8 titration for redirected P815 cell lysis at ~1.2 ng/mL. The highly similar EC50 values
for both groups suggest comparable sensitivity to triggering through CD16 between NK cells from
NKG2Cnull and NKG2Cmatch, HIV-infected individuals co-infected with HCMV. In order to visually
convey the functional similarity across the groups, despite the high variability in the absolute levels of
killing, we normalized our results to 100% to show largely overlapping titration curves from both the
NKG2Cnull and NKG2Cmatch groups (Figure 4E,F).
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Figure 4. Comparison of cytotoxicity triggered through CD16 for NKG2Cnull and matched control
groups. After overnight recovery, cryopreserved PBMC were incubated with 51Cr-labeled (A) P815
cells and anti-CD16 (3G8 mAb) or with (B) anti-HLA class I-coated C1R-B27 cells at an E:T 50:1.
The probability of a significant difference in median lysis between groups in either assay was assessed
by the Mann-Whitney U test. Representative titrations of PBMC incubated with (C) P815 cells and 3G8
mAb at concentrations ranging from 0.05 to 100 ng/mL and (D) anti-HLA class I-coated C1R-B27 cells at
concentrations ranging from 1.7 to 100 ng/mL in 5 h cytotoxicity assays. EC50 values were estimated for
each subject from Ab concentrations yielding half-maximal target cell lysis. Titration curves normalized
to 100 for maximum observed killing with each subject tested are shown for (E) W6/32 and (F) 3G8.

4. Discussion

The activating receptor NKG2C is expressed on a population of mainly mature, functionally
adapted NK cells that expands following HCMV infection [35]. Selective recognition of peptides from
HCMV by NKG2C in the context of HLA-E driven NK cell proliferation implies a direct role for NKG2C
in NK cell adaptation and functional differentiation to HCMV infection [36–41]. However, elements
of NK cell adaptation to HCMV also occur independently of NKG2C [29–31,42]. As expansion of
CD57posNKG2Cpos NK cells is especially pronounced in HIV-infected individuals co-infected with
HCMV, we reasoned that any deficits in NK cell phenotypic or functional maturation imposed by
NKG2C deficiency would be prominent in this setting [5,13]. A previous study found no accelerated or
exaggerated expansion of CD57posNKG2Cpos NK cells in HCMV-infected individuals co-infected with
hepatitis B virus (HBV), HCV, or HDV [43]. Therefore, we identified individuals in our HIV-infected
study cohort homozygous for NKG2C gene deletion and compared relevant attributes of their NK cells
with those of HIV-infected controls matched for age, sex, and HIV infection history. In general, we
observed little difference between total NK cells of the two groups either functionally or phenotypically.
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There was no significant difference in the overall fraction of total NK cells expressing CD2, CD16,
CD57, NKG2A, FcεRIγ, or PLZF, which indicates similar levels of general maturation and adaptation
to HCMV infection.

Both groups had fewer PLZF or NKG2A-expressing and more CD16-expressing NK cells within
their mature CD57pos populations, which illustrates a similar maturation pattern irrespective of NKG2C
expression. Neither group showed an increased prevalence of NK cells lacking FcεRIγ in the mature
population, but we did note a selective increase in CD2 expression and its co-expression with CD16 on
mature CD57pos NK cells of the NKG2Cnull group. This finding corroborates several previous studies
on HIV-naïve NKG2Cnull subjects from which suggestions of an enhanced role for CD2 in triggering
their NK cells arose, especially in tandem with CD16 stimulation [31,44]. Our functional studies
detected no significant differences between the two groups in terms of IFN-γ or TNF-α production
following stimulation through NCRs with K562 cells or stimulation through CD16 with mAb 3G8.
Absolute levels of cytotoxicity mediated through CD16 either in a conventional ADCC assay or by
redirected lysis, which were also not significantly different between groups. Sensitivity to activation
through CD16 was equivalent. While we did not measure direct killing of K562 cells, the ability of
the NK cells to produce multiple cytokines and to kill target cells through ADCC indicates similar
retention or acquisition of polyfunctionality.

These data indicate that, in the setting of HIV infection, any contribution NKG2C makes in
NK cell adaptation to HCMV infection is effectively compensated for in NKG2Cnull individuals.
One potential component of this compensation is increased expression of CD2 and a greater role for it
as a co-stimulatory receptor in CD16-mediated NK cell activation. In a recent study, adapted NK cells
from NKG2C-sufficient and NKG2C-deficient subjects were deemed phenotypically, functionally, and
epigenetically similar, with only NKG2C expression itself being a distinguishing factor [31]. In this
same study, CD2 and CD16 co-ligation increased NK cell cytokine production, which supported the
suggestion that CD2 may play a greater co-stimulatory role in this setting. However, hypomethylation
of the CD2 locus is a general feature of adapted NK cells and CD2 is, at least somewhat, upregulated
on adapted NK cells from NKG2C-sufficient and NKG2C-deficient subjects alike [20,31]. Thus, while
CD2 may be one mechanism whereby NKG2C-deficient individuals compensate with respect to NK
cell function, other factors could also include increased prevalence of adapted NK cells expressing
activating killer cell immunoglobulin-like receptors [45]. While the lack of significant difference in NK
cell phenotype and function of NKG2Cnull compared to NKG2C-expressing individuals may be one
more example of immune system redundancy, the ultimate significance of an expanded population of
NKG2Cpos NK cells and role of NKG2C towards controlling HCMV infection or stimulating NK cell
expansion and adaptation might be questioned.

A variable role for NKG2C in NK cell function could also reflect the nature of NK cell regulation,
in which multiple positive and negative signals are integrated to determine the outcome of cellular
interactions. In the case of NKG2C sufficiency, interaction with HLA-E provides a significant
activating signal, which incorporates a degree of antigenic specificity through the propensity of
certain HCMV-derived peptides to bind HLA-E and increase its surface expression [37–40]. Despite
this, no direct role in controlling HCMV replication has been shown and the overall adaptive value
of this pathway remains unclear. Upregulation of CD2 on NK cells may be a generic response
to HCMV infection since the HCMV UL148 gene product reduces expression of CD58, which
restricts co-stimulation through CD2 and reduces HCMV-specific T cell and NK cell activation [46].
Enhanced signaling through CD2, which was demonstrated for NK cells from NKG2Cnull persons,
could compensate generally for NKG2C deficiency, but might be of little value against HCMV
specifically [31,44].

Although it is HCMV and not HIV driving the maturation and expansion of NKG2Cpos NK cells,
susceptibility to HIV infection and disease progression is associated with the NKG2Cnull genotype [26–28].
While there appears to be a compensatory mechanism for NK cells to address NKG2C deficiency, this
receptor is also expressed on a subset of T cells and reportedly contributes to γδ T cell recognition of
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HIV-infected cells [47]. Thus, the HIV sensitivity attributed to lack of NKG2C may not completely
reflect an impact on NK cell function. There is a single case report of a T cell deficient child partially
controlling HCMV infection in association with NKG2Cpos NK cell expansion, but this may not be a
critical aspect of immunity to HCMV in persons with an intact immune system [8]. Although the T
cell responses we measured were limited to two immunodominant HCMV proteins, we did observe a
significantly greater median HCMV-specific T cell response in the NKG2Cnull group, which is consistent
with the idea of HCMV infection placing greater demand on adaptive immunity to control HCMV
in the setting of NKG2C deficiency. A significant correlation was reported in HIV-infected persons
between the fraction of NK cells expressing NKG2C and the fraction of HCMV-specific CD8pos T cells
having lost expression of CD28, which could be interpreted as both arms of the HCMV-related immune
response being stressed to control HCMV replication in HIV-infected individuals [5]. Amplification of
the adaptive cellular immune response against HCMV in HIV-infected individuals to levels normally
seen in people without HIV infection three or four decades older has been likened to premature aging
of the immune system [48]. The similar amplification of NK cell responses to HCMV infection in the
setting of HIV infection may also reflect accelerated immune aging [5,15].

A key feature of HCMV-adapted NK cells that investigators wish to apply practically is their
broad-based superiority in mediating CD16-dependent effector functions [14,18,19]. This feature
could be beneficial against any microbe or transformed cell susceptible to these effector functions.
While it appears that NKG2C expression plays a role in the expansion or adaptation of these cells in
certain circumstances, it may be disposable for the process. As our NKG2Cnull donors appeared at
no functional disadvantage compared to matched controls, it appears that NK cells from NKG2Cnull

donors have alternative routes of differentiation, which involve or culminate in synergistic activity
between CD2 and CD16. Understanding alternate, potentially complementary routes of HCMV-driven
NK cell differentiation may inform strategies to more effectively harness NK cells therapeutically
against infections and cancer.

Author Contributions: Conceptualization, M.D.G. Data curation, E.M.C., K.A.H., and N.J.F. Formal analysis,
E.M.C., K.A.H., and M.D.G. Funding acquisition, M.D.G. Investigation, E.M.C. Methodology, E.M.C. Project
administration, N.J.F. Supervision, M.D.G. Writing—original draft, E.M.C. Writing—review & editing, E.M.C.,
K.A.H., and M.D.G.

Acknowledgments: A Canadian Foundation for AIDS Research innovation grant and project operating grant (PJT
361426) from the Canadian Institutes of Health Research awarded to MG supported this research. A Memorial
University of Newfoundland Faculty of Medicine Dean’s fellowship supported EC. KH is a doctoral trainee in the
Cancer Research Training Program of the Beatrice Hunter Cancer Research Institute, with funds provided by the
Canadian Institutes of Health Research CGS. We thank the Medical Education and Laboratory Support Services
flow cytometry facility for FACs acquisition and all participants for providing samples.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kinney, J.S.; Onorato, I.M.; Stewart, J.A.; Pass, R.F.; Stagno, S.; Cheeseman, S.H.; Chin, J.; Kumar, M.L.;
Yaeger, A.S.; Herrmann, K.L.; et al. Cytomegaloviral infection and disease. J. Infect. Dis. 1985, 151, 772–774.
[CrossRef] [PubMed]

2. Onorato, I.M.; Morens, D.M.; Martone, W.J.; Stansfield, S.K. Epidemiology of cytomegaloviral infections:
Recommendations for prevention and control. Rev. Infect. Dis. 1985, 7, 479–497. [CrossRef] [PubMed]

3. Sinclair, J. Human cytomegalovirus: Latency and reactivation in the myeloid lineage. J. Clin. Virol. 2008, 41,
180–185. [CrossRef] [PubMed]

4. Lang, A.; Brien, J.D.; Nikolich-Zugich, J. Inflation and long-term maintenance of cd8 t cells responding to a
latent herpesvirus depend upon establishment of latency and presence of viral antigens. J. Immunol. 2009,
183, 8077–8087. [CrossRef] [PubMed]

5. Heath, J.; Newhook, N.; Comeau, E.; Gallant, M.; Fudge, N.; Grant, M. Nkg2c(+)cd57(+) natural killer cell
expansion parallels cytomegalovirus-specific cd8(+) t cell evolution towards senescence. J. Immunol. Res.
2016, 2016, 7470124. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/infdis/151.5.772
http://www.ncbi.nlm.nih.gov/pubmed/2985708
http://dx.doi.org/10.1093/clinids/7.4.479
http://www.ncbi.nlm.nih.gov/pubmed/2994198
http://dx.doi.org/10.1016/j.jcv.2007.11.014
http://www.ncbi.nlm.nih.gov/pubmed/18164651
http://dx.doi.org/10.4049/jimmunol.0801117
http://www.ncbi.nlm.nih.gov/pubmed/20007576
http://dx.doi.org/10.1155/2016/7470124
http://www.ncbi.nlm.nih.gov/pubmed/27314055


Viruses 2019, 11, 239 12 of 14

6. Guma, M.; Angulo, A.; Vilches, C.; Gomez-Lozano, N.; Malats, N.; Lopez-Botet, M. Imprint of human
cytomegalovirus infection on the nk cell receptor repertoire. Blood 2004, 104, 3664–3671. [CrossRef] [PubMed]

7. Guma, M.; Budt, M.; Saez, A.; Brckalo, T.; Hengel, H.; Angulo, A.; Lopez-Botet, M. Expansion of cd94/nkg2c+
nk cells in response to human cytomegalovirus-infected fibroblasts. Blood 2006, 107, 3624–3631. [CrossRef]

8. Kuijpers, T.W.; Baars, P.A.; Dantin, C.; van den Burg, M.; van Lier, R.A.; Roosnek, E. Human nk cells can
control cmv infection in the absence of t cells. Blood 2008, 112, 914–915. [CrossRef]

9. Della Chiesa, M.; Falco, M.; Podesta, M.; Locatelli, F.; Moretta, L.; Frassoni, F.; Moretta, A. Phenotypic and
functional heterogeneity of human nk cells developing after umbilical cord blood transplantation: A role for
human cytomegalovirus? Blood 2012, 119, 399–410. [CrossRef]

10. Foley, B.; Cooley, S.; Verneris, M.R.; Pitt, M.; Curtsinger, J.; Luo, X.; Lopez-Verges, S.; Lanier, L.L.; Weisdorf, D.;
Miller, J.S. Cytomegalovirus reactivation after allogeneic transplantation promotes a lasting increase in
educated nkg2c+ natural killer cells with potent function. Blood 2012, 119, 2665–2674. [CrossRef]

11. Lopez-Verges, S.; Milush, J.M.; Schwartz, B.S.; Pando, M.J.; Jarjoura, J.; York, V.A.; Houchins, J.P.; Miller, S.;
Kang, S.M.; Norris, P.J.; et al. Expansion of a unique cd57(+)nkg2chi natural killer cell subset during acute
human cytomegalovirus infection. Proc. Natl. Acad. Sci. USA 2011, 108, 14725–14732. [CrossRef] [PubMed]

12. Lopez-Verges, S.; Milush, J.M.; Pandey, S.; York, V.A.; Arakawa-Hoyt, J.; Pircher, H.; Norris, P.J.; Nixon, D.F.;
Lanier, L.L. Cd57 defines a functionally distinct population of mature nk cells in the human cd56dimcd16+
nk-cell subset. Blood 2010, 116, 3865–3874. [CrossRef] [PubMed]

13. Brunetta, E.; Fogli, M.; Varchetta, S.; Bozzo, L.; Hudspeth, K.L.; Marcenaro, E.; Moretta, A.; Mavilio, D.
Chronic hiv-1 viremia reverses nkg2a/nkg2c ratio on natural killer cells in patients with human
cytomegalovirus co-infection. AIDS 2010, 24, 27–34. [CrossRef] [PubMed]

14. Wu, Z.; Sinzger, C.; Frascaroli, G.; Reichel, J.; Bayer, C.; Wang, L.; Schirmbeck, R.; Mertens, T. Human
cytomegalovirus-induced nkg2c(hi) cd57(hi) natural killer cells are effectors dependent on humoral antiviral
immunity. J. Virol. 2013, 87, 7717–7725. [CrossRef] [PubMed]

15. Lopez-Botet, M.; Muntasell, A.; Martinez-Rodriguez, J.E.; Lopez-Montanes, M.; Costa-Garcia, M.;
Pupuleku, A. Development of the adaptive nk cell response to human cytomegalovirus in the context
of aging. Mech. Ageing Dev. 2016, 158, 23–26. [CrossRef] [PubMed]

16. Luetke-Eversloh, M.; Cicek, B.B.; Siracusa, F.; Thom, J.T.; Hamann, A.; Frischbutter, S.; Baumgrass, R.;
Chang, H.D.; Thiel, A.; Dong, J.; et al. Nk cells gain higher ifn-gamma competence during terminal
differentiation. Eur. J. Immunol. 2014, 44, 2074–2084. [CrossRef] [PubMed]

17. Luetke-Eversloh, M.; Hammer, Q.; Durek, P.; Nordstrom, K.; Gasparoni, G.; Pink, M.; Hamann, A.; Walter, J.;
Chang, H.D.; Dong, J.; et al. Human cytomegalovirus drives epigenetic imprinting of the ifng locus in
nkg2chi natural killer cells. PLoS Pathog. 2014, 10, e1004441. [CrossRef] [PubMed]

18. Hwang, I.; Zhang, T.; Scott, J.M.; Kim, A.R.; Lee, T.; Kakarla, T.; Kim, A.; Sunwoo, J.B.; Kim, S. Identification
of human nk cells that are deficient for signaling adaptor fcrgamma and specialized for antibody-dependent
immune functions. Int. Immunol. 2012, 24, 793–802. [CrossRef] [PubMed]

19. Zhang, T.; Scott, J.M.; Hwang, I.; Kim, S. Cutting edge: Antibody-dependent memory-like nk cells
distinguished by fcrgamma deficiency. J. Immunol. 2013, 190, 1402–1406. [CrossRef] [PubMed]

20. Schlums, H.; Cichocki, F.; Tesi, B.; Theorell, J.; Beziat, V.; Holmes, T.D.; Han, H.; Chiang, S.C.; Foley, B.;
Mattsson, K.; et al. Cytomegalovirus infection drives adaptive epigenetic diversification of nk cells with
altered signaling and effector function. Immunity 2015, 42, 443–456. [CrossRef] [PubMed]

21. Lee, J.; Zhang, T.; Hwang, I.; Kim, A.; Nitschke, L.; Kim, M.; Scott, J.M.; Kamimura, Y.; Lanier, L.L.;
Kim, S. Epigenetic modification and antibody-dependent expansion of memory-like nk cells in human
cytomegalovirus-infected individuals. Immunity 2015, 42, 431–442. [CrossRef] [PubMed]

22. Mela, C.M.; Burton, C.T.; Imami, N.; Nelson, M.; Steel, A.; Gazzard, B.G.; Gotch, F.M.; Goodier, M.R. Switch
from inhibitory to activating nkg2 receptor expression in hiv-1 infection: Lack of reversion with highly active
antiretroviral therapy. AIDS 2005, 19, 1761–1769. [CrossRef] [PubMed]

23. Shah, S.V.; Manickam, C.; Ram, D.R.; Kroll, K.; Itell, H.; Permar, S.R.; Barouch, D.H.; Klatt, N.R.; Reeves, R.K.
Cmv primes functional alternative signaling in adaptive deltag nk cells but is subverted by lentivirus
infection in rhesus macaques. Cell Rep. 2018, 25, 2766–2774.e3. [CrossRef] [PubMed]

24. Peppa, D.; Pedroza-Pacheco, I.; Pellegrino, P.; Williams, I.; Maini, M.K.; Borrow, P. Adaptive reconfiguration
of natural killer cells in hiv-1 infection. Front. Immunol. 2018, 9, 474. [CrossRef] [PubMed]

http://dx.doi.org/10.1182/blood-2004-05-2058
http://www.ncbi.nlm.nih.gov/pubmed/15304389
http://dx.doi.org/10.1182/blood-2005-09-3682
http://dx.doi.org/10.1182/blood-2008-05-157354
http://dx.doi.org/10.1182/blood-2011-08-372003
http://dx.doi.org/10.1182/blood-2011-10-386995
http://dx.doi.org/10.1073/pnas.1110900108
http://www.ncbi.nlm.nih.gov/pubmed/21825173
http://dx.doi.org/10.1182/blood-2010-04-282301
http://www.ncbi.nlm.nih.gov/pubmed/20733159
http://dx.doi.org/10.1097/QAD.0b013e3283328d1f
http://www.ncbi.nlm.nih.gov/pubmed/19910789
http://dx.doi.org/10.1128/JVI.01096-13
http://www.ncbi.nlm.nih.gov/pubmed/23637420
http://dx.doi.org/10.1016/j.mad.2016.06.010
http://www.ncbi.nlm.nih.gov/pubmed/27349430
http://dx.doi.org/10.1002/eji.201344072
http://www.ncbi.nlm.nih.gov/pubmed/24752800
http://dx.doi.org/10.1371/journal.ppat.1004441
http://www.ncbi.nlm.nih.gov/pubmed/25329659
http://dx.doi.org/10.1093/intimm/dxs080
http://www.ncbi.nlm.nih.gov/pubmed/22962434
http://dx.doi.org/10.4049/jimmunol.1203034
http://www.ncbi.nlm.nih.gov/pubmed/23345329
http://dx.doi.org/10.1016/j.immuni.2015.02.008
http://www.ncbi.nlm.nih.gov/pubmed/25786176
http://dx.doi.org/10.1016/j.immuni.2015.02.013
http://www.ncbi.nlm.nih.gov/pubmed/25786175
http://dx.doi.org/10.1097/01.aids.0000183632.12418.33
http://www.ncbi.nlm.nih.gov/pubmed/16227783
http://dx.doi.org/10.1016/j.celrep.2018.11.020
http://www.ncbi.nlm.nih.gov/pubmed/30517864
http://dx.doi.org/10.3389/fimmu.2018.00474
http://www.ncbi.nlm.nih.gov/pubmed/29616021


Viruses 2019, 11, 239 13 of 14

25. Miyashita, R.; Tsuchiya, N.; Hikami, K.; Kuroki, K.; Fukazawa, T.; Bijl, M.; Kallenberg, C.G.; Hashimoto, H.;
Yabe, T.; Tokunaga, K. Molecular genetic analyses of human nkg2c (klrc2) gene deletion. Int. Immunol. 2004,
16, 163–168. [CrossRef] [PubMed]

26. Thomas, R.; Low, H.Z.; Kniesch, K.; Jacobs, R.; Schmidt, R.E.; Witte, T. Nkg2c deletion is a risk factor of hiv
infection. AIDS Res. Hum. Retrovir. 2012, 28, 844–851. [CrossRef] [PubMed]

27. Gondois-Rey, F.; Cheret, A.; Granjeaud, S.; Mallet, F.; Bidaut, G.; Lecuroux, C.; Ploquin, M.;
Muller-Trutwin, M.; Rouzioux, C.; Avettand-Fenoel, V.; et al. Nkg2c(+) memory-like nk cells contribute to
the control of hiv viremia during primary infection: Optiprim-anrs 147. Clin. Transl. Immunol. 2017, 6, e150.
[CrossRef]

28. Ma, M.; Wang, Z.; Chen, X.; Tao, A.; He, L.; Fu, S.; Zhang, Z.; Fu, Y.; Guo, C.; Liu, J.; et al. Nkg2c(+)nkg2a(-)
natural killer cells are associated with a lower viral set point and may predict disease progression in
individuals with primary hiv infection. Front. Immunol. 2017, 8, 1176. [CrossRef]

29. Goodier, M.R.; White, M.J.; Darboe, A.; Nielsen, C.M.; Goncalves, A.; Bottomley, C.; Moore, S.E.; Riley, E.M.
Rapid nk cell differentiation in a population with near-universal human cytomegalovirus infection is
attenuated by nkg2c deletions. Blood 2014, 124, 2213–2222. [CrossRef]

30. Della Chiesa, M.; Falco, M.; Bertaina, A.; Muccio, L.; Alicata, C.; Frassoni, F.; Locatelli, F.; Moretta, L.;
Moretta, A. Human cytomegalovirus infection promotes rapid maturation of nk cells expressing activating
killer ig–like receptor in patients transplanted with nkg2c−/−umbilical cord blood. J. Immunol. 2014, 192,
1471–1479. [CrossRef]

31. Liu, L.L.; Landskron, J.; Ask, E.H.; Enqvist, M.; Sohlberg, E.; Traherne, J.A.; Hammer, Q.; Goodridge, J.P.;
Larsson, S.; Jayaraman, J.; et al. Critical role of cd2 co-stimulation in adaptive natural killer cell responses
revealed in nkg2c-deficient humans. Cell Rep. 2016, 15, 1088–1099. [CrossRef] [PubMed]

32. Muntasell, A.; Pupuleku, A.; Cisneros, E.; Vera, A.; Moraru, M.; Vilches, C.; Lopez-Botet, M. Relationship
of nkg2c copy number with the distribution of distinct cytomegalovirus-induced adaptive nk cell subsets.
J. Immunol. 2016, 196, 3818–3827. [CrossRef] [PubMed]

33. Barrett, L.; Fudge, N.J.; Heath, J.J.; Grant, M.D. Cytomegalovirus immunity and exhaustive cd8+ t cell
proliferation in treated human immunodeficiency virus infection. Clin. Infect. Dis. 2016, 62, 1467–1468.
[CrossRef] [PubMed]

34. Parsons, M.S.; Zipperlen, K.; Gallant, M.; Grant, M. Killer cell immunoglobulin-like receptor 3dl1 licenses
cd16-mediated effector functions of natural killer cells. J. Leukoc. Biol. 2010, 88, 905–912. [CrossRef] [PubMed]

35. Holder, K.A.; Comeau, E.M.; Grant, M.D. Origins of natural killer cell memory: Special creation or adaptive
evolution. Immunology 2018, 154, 38–49. [CrossRef] [PubMed]

36. Braud, V.M.; Allan, D.S.; O’Callaghan, C.A.; Soderstrom, K.; D’Andrea, A.; Ogg, G.S.; Lazetic, S.; Young, N.T.;
Bell, J.I.; Phillips, J.H.; et al. Hla-e binds to natural killer cell receptors cd94/nkg2a, b and c. Nature 1998, 391,
795–799. [CrossRef] [PubMed]

37. Prod’homme, V.; Sugrue, D.M.; Stanton, R.J.; Nomoto, A.; Davies, J.; Rickards, C.R.; Cochrane, D.; Moore, M.;
Wilkinson, G.W.; Tomasec, P. Human cytomegalovirus ul141 promotes efficient downregulation of the
natural killer cell activating ligand cd112. J. Gen. Virol. 2010, 91, 2034–2039. [CrossRef] [PubMed]

38. Prod’homme, V.; Tomasec, P.; Cunningham, C.; Lemberg, M.K.; Stanton, R.J.; McSharry, B.P.; Wang, E.C.;
Cuff, S.; Martoglio, B.; Davison, A.J.; et al. Human cytomegalovirus ul40 signal peptide regulates cell surface
expression of the nk cell ligands hla-e and gpul18. J. Immunol. 2012, 188, 2794–2804. [CrossRef] [PubMed]

39. Rolle, A.; Pollmann, J.; Ewen, E.M.; Le, V.T.; Halenius, A.; Hengel, H.; Cerwenka, A. Il-12-producing
monocytes and hla-e control hcmv-driven nkg2c+ nk cell expansion. J. Clin. Investig. 2014, 124, 5305–5316.
[CrossRef]

40. Hammer, Q.; Ruckert, T.; Borst, E.M.; Dunst, J.; Haubner, A.; Durek, P.; Heinrich, F.; Gasparoni, G.; Babic, M.;
Tomic, A.; et al. Peptide-specific recognition of human cytomegalovirus strains controls adaptive natural
killer cells. Nat. Immunol. 2018, 19, 453–463. [CrossRef]

41. Rolle, A.; Meyer, M.; Calderazzo, S.; Jager, D.; Momburg, F. Distinct hla-e peptide complexes modify
antibody-driven effector functions of adaptive nk cells. Cell Rep. 2018, 24, 1967–1976.e4. [CrossRef] [PubMed]

42. Newhook, N.; Fudge, N.; Grant, M. Nk cells generate memory-type responses to human
cytomegalovirus-infected fibroblasts. Eur. J. Immunol. 2017, 47, 1032–1039. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/intimm/dxh013
http://www.ncbi.nlm.nih.gov/pubmed/14688071
http://dx.doi.org/10.1089/aid.2011.0253
http://www.ncbi.nlm.nih.gov/pubmed/22074011
http://dx.doi.org/10.1038/cti.2017.22
http://dx.doi.org/10.3389/fimmu.2017.01176
http://dx.doi.org/10.1182/blood-2014-05-576124
http://dx.doi.org/10.4049/jimmunol.1302053
http://dx.doi.org/10.1016/j.celrep.2016.04.005
http://www.ncbi.nlm.nih.gov/pubmed/27117418
http://dx.doi.org/10.4049/jimmunol.1502438
http://www.ncbi.nlm.nih.gov/pubmed/26994220
http://dx.doi.org/10.1093/cid/ciw148
http://www.ncbi.nlm.nih.gov/pubmed/27001798
http://dx.doi.org/10.1189/jlb.1009687
http://www.ncbi.nlm.nih.gov/pubmed/20664023
http://dx.doi.org/10.1111/imm.12898
http://www.ncbi.nlm.nih.gov/pubmed/29355919
http://dx.doi.org/10.1038/35869
http://www.ncbi.nlm.nih.gov/pubmed/9486650
http://dx.doi.org/10.1099/vir.0.021931-0
http://www.ncbi.nlm.nih.gov/pubmed/20410314
http://dx.doi.org/10.4049/jimmunol.1102068
http://www.ncbi.nlm.nih.gov/pubmed/22345649
http://dx.doi.org/10.1172/JCI77440
http://dx.doi.org/10.1038/s41590-018-0082-6
http://dx.doi.org/10.1016/j.celrep.2018.07.069
http://www.ncbi.nlm.nih.gov/pubmed/30134159
http://dx.doi.org/10.1002/eji.201646819
http://www.ncbi.nlm.nih.gov/pubmed/28475279


Viruses 2019, 11, 239 14 of 14

43. Malone, D.F.G.; Lunemann, S.; Hengst, J.; Ljunggren, H.G.; Manns, M.P.; Sandberg, J.K.; Cornberg, M.;
Wedemeyer, H.; Bjorkstrom, N.K. Cytomegalovirus-driven adaptive-like natural killer cell expansions are
unaffected by concurrent chronic hepatitis virus infections. Front. Immunol. 2017, 8, 525. [CrossRef] [PubMed]

44. Rolle, A.; Halenius, A.; Ewen, E.M.; Cerwenka, A.; Hengel, H.; Momburg, F. Cd2-cd58 interactions are
pivotal for the activation and function of adaptive natural killer cells in human cytomegalovirus infection.
Eur. J. Immunol. 2016, 46, 2420–2425. [CrossRef] [PubMed]

45. Beziat, V.; Liu, L.L.; Malmberg, J.A.; Ivarsson, M.A.; Sohlberg, E.; Bjorklund, A.T.; Retiere, C.;
Sverremark-Ekstrom, E.; Traherne, J.; Ljungman, P.; et al. Nk cell responses to cytomegalovirus infection
lead to stable imprints in the human kir repertoire and involve activating kirs. Blood 2013, 121, 2678–2688.
[CrossRef]

46. Wang, E.C.Y.; Pjechova, M.; Nightingale, K.; Vlahava, V.M.; Patel, M.; Ruckova, E.; Forbes, S.K.; Nobre, L.;
Antrobus, R.; Roberts, D.; et al. Suppression of costimulation by human cytomegalovirus promotes evasion
of cellular immune defenses. Proc. Natl. Acad. Sci. USA 2018, 115, 4998–5003. [CrossRef] [PubMed]

47. Fausther-Bovendo, H.; Wauquier, N.; Cherfils-Vicini, J.; Cremer, I.; Debre, P.; Vieillard, V. Nkg2c is a major
triggering receptor involved in the v[delta]1 t cell-mediated cytotoxicity against hiv-infected cd4 t cells.
AIDS 2008, 22, 217–226. [CrossRef]

48. Naeger, D.M.; Martin, J.N.; Sinclair, E.; Hunt, P.W.; Bangsberg, D.R.; Hecht, F.; Hsue, P.; McCune, J.M.;
Deeks, S.G. Cytomegalovirus-specific t cells persist at very high levels during long-term antiretroviral
treatment of hiv disease. PLoS ONE 2010, 5, e8886. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fimmu.2017.00525
http://www.ncbi.nlm.nih.gov/pubmed/28533779
http://dx.doi.org/10.1002/eji.201646492
http://www.ncbi.nlm.nih.gov/pubmed/27469079
http://dx.doi.org/10.1182/blood-2012-10-459545
http://dx.doi.org/10.1073/pnas.1720950115
http://www.ncbi.nlm.nih.gov/pubmed/29691324
http://dx.doi.org/10.1097/QAD.0b013e3282f46e7c
http://dx.doi.org/10.1371/journal.pone.0008886
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Collection and Peripheral Blood Mononuclear Cell Isolation 
	Identification of NKG2Cnull Individuals and a Matched Control Group 
	Flow Cytometry 
	NK Cell Stimulations 
	Cytotoxicity Assays 
	Statistical Analysis 

	Results 
	General Characteristics of NKG2Cnull and NKG2Cmatch Groups 
	Phenotypic Comparison of NK Cells from NKG2Cnull and a Matched Control Group 
	Comparison of Cytokine Production by NK Cells from NKG2Cnull and NKG2Cmatch Groups 
	Comparison of ADCC by NK Cells from the NKG2Cnull and Matched Control Groups 

	Discussion 
	References

