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Introduction

Summary

Cytomegalovirus (CMV) infection markedly expands NKG2C+/NKG2A—
NK cells, which are potent killers of infected cells expressing human
leucocyte antigen (HLA)-E. As HLA-E is also over-expressed in several
haematological malignancies and CMV has been linked to a reduced risk of
leukaemic relapse, we determined the impact of latent CMV infection on
NK cell cytotoxicity against four tumour target cell lines with varying levels
of HLA-E expression. NK cell cytotoxicity against K562 (leukaemia origin)
and U266 (multiple myeloma origin) target cells was strikingly greater in
healthy CMV-seropositive donors than seronegative donors and was
associated strongly with target cell HLA-E and NK cell NKG2C expression.
NK cell cytotoxicity against HLA-E transfected lymphoma target cells
(221.AEH) was ~threefold higher with CMV, while NK cell cytotoxicity
against non-transfected 721.221 cells was identical between the CMV
groups. NK cell degranulation (CD107a") and interferon (IFN)-y
production to 221.AEH cells was localized almost exclusively to the NKG2C
subset, and antibody blocking of NKG2C completely eliminated the effect of
CMV on NK cell cytotoxicity against 221.AEH cells. Moreover, 221.AEH
feeder cells and interleukin (IL)—15 were found to expand NKG2C'/
NKG2A™ NK cells preferentially from CMV-seronegative donors and
increase NK cell cytotoxicity against HLA-E™ tumour cell lines. We
conclude that latent CMV infection enhances NK cell cytotoxicity through
accumulation of NKG2C" NK cells, which may be beneficial in preventing
the initiation and progression of haematological malignancies characterized
by high HLA-E expression.

Keywords: 221 AEH, CD57, CD158, K562, leukaemia, lymphoma, multiple
myeloma, NKG2A, U266

responses to exert viral control [4,5]. To overcome these
rheostat-like effects of NK cells on the regulation of persis-

Cytomegalovirus (CMV) is a prevalent B-herpesvirus that
infects 50-80% of all adults in the United States [1]. While
CMV is often well controlled in immunocompetent hosts,
it has been linked to an increased risk of cancer-related
mortality [2], and exposure to CMV in immunocompro-
mised organ transplant recipients is associated with
increased post-transplant mortality [3]. CMV drives both
T cell and natural killer (NK) cell differentiation, under-
scoring the importance of these cell types in curtailing
CMV. Cytokine-driven NK cell responses to CMV typically
precede the antigen-driven T cell response, with more
effective NK cell responses requiring less vigorous T cell

tent infections, CMV has evolved a myriad of immunoeva-
sive strategies to evade detection [6,7]. For example, several
CMV genes have been identified which down-regulate
ligands for NK cell activating receptors (such as NKG2D,
DNAM-1 and NKp46) that are critical to the recognition
of CMV-infected cells [8,9] and the maintenance of NK cell
effector functions in the host [9-11]. CMV also induces
expression of human leucocyte antigen (HLA) class I
homologues by infected cells, which allows for inhibition
of NK cells via ligation with inhibitory receptors, such as
LIR-1 [12,13].
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NK cells are inherently plastic, and have evolved coun-
termeasures to minimize viral escape [14,15]. NKG2C is an
NK cell activating receptor that ligates with HLA-E [16], a
non-classical HLA molecule expressed by CMV-infected
cells [17]. Both acute and latent CMV infections are associ-
ated with a marked expansion of NKG2C™ (Ly49H" in
mice) NK cells in both mice and humans [15,18-20], thus
facilitating the recognition and destruction of CMV-
infected cells through NKG2C/HLA-E interactions. A por-
tion of these ‘CMV-specific’ cells remain as long-lived
‘memory’ NK cells capable of generating recall responses
[21], and are still elevated markedly in transplant patients
250 days after resolution of viraemia [19]. However, the
high expression of the putative terminal differentiation
marker CD57 indicates that NKG2C™ NK cells may have
undergone clonal exhaustion [22]. Despite this, it is evi-
dent that NKG2C™ NK cells help protect against CMV, as
an increased proportion of these cells is associated with a
lower risk of acute CMV infection in patients undergoing
solid organ transplantation [23], and NKG2C" NK cells
taken from CMV-infected donors show enhanced expan-
sion in response to CMV reactivation in haematopoietic
cell transplant recipients [24]. Moreover, NKG2C™ NK cells
can be expanded in vitro with interleukin (IL)—15 and
transfected lymphoma target (221.AEH) cells (HLA-E™"
lymphoma), implicating the up-regulation of HLA-E in the
clonal-like response of NK cells to CMV infection [25,26].
It remains to be seen, however, how preferential expansion
of NKG2C™ NK cells affects anti-tumour cytotoxicity.

CMV is often considered to be an immunological bur-
den within the T cell compartment that exerts mainly nega-
tive effects on immune status and overall health [27];
however, it has been suggested recently that latent herpesvi-
ruses may play a pivotal role in ‘arming’ NK cells to destroy
target cells adequately [28]. Mice with latent murid herpes-
virus 4 infection show increased granzyme B protein
expression, interferon (IFN)-y production and NK cell
cytotoxicity, which can protect against a lethal lymphoma
challenge [28]. However, it is not yet known, if the expan-
sion of NKG2C™ NK cells with CMV infection impacts
anti-tumour immunity in humans. Given that many hae-
matological malignancies and solid tumours are associated
with an over-expression of HLA-E [29], cancer patients
with a latent CMV infection, or who experience a mild but
controllable CMV reactivation after solid organ or haema-
topoietic stem cell transplantation, could be at an advant-
age due to the CMV-induced expansion of NKG2C* NK
cells in vivo. For example, donor CMV seropositivity [30]
and CMV reactivation [31,32] are associated with a
decreased risk of relapse in acute myeloid leukaemia
(AML) patients, although the mechanisms underpinning
this beneficial CMV effect remain to be elucidated.

The aims of this study were twofold. First, we wanted to
determine the effect of latent CMV infection and the pro-
portion of NKG2C™ NK cells on cytotoxicity against four

tumour cell lines with varying degrees of HLA-E expres-
sion. Secondly, we determined the effect of HLA-E™ feeder
cells on NKG2C*/NKG2A™ NK cell expansion and cytotox-
icity in CMV-seronegative subjects. In this report, we show
that latent CMV infection is associated with an NKG2C-
dependent increase in NK cell cytotoxicity against HLA-E-
expressing tumour cell lines. We also show that highly cyto-
toxic NKG2C"/NKG2A™ NK cells can be expanded prefer-
entially from CMV-seronegative subjects using 221.AEH
(HLA-E™" lymphoma) feeder cells. Overall, our findings
suggest that the enrichment of the NKG2C* NK cell frac-
tion may serve as a simple strategy for enhancing the anti-
tumour cytotoxicity of NK cells for immunotherapy.

Materials and methods

Subjects

Thirty healthy adults (aged 32.3 = 4.8 years) participated
voluntarily in this study. Subjects were between the ages of
18 and 50 years and not taking any immunomodulatory
medication. Potential subjects were excluded if they had
used tobacco products within the previous 6 months; had a
body mass index (BMI) > 30 kg/m?* used any medication
known to affect the immune system; were pregnant; had
chronic/debilitating arthritis; had diabetes; were bedridden
in the past 3 months; had a common illness (i.e. colds)
within the past 6 weeks; had a central or peripheral nervous
disorder; or had any autoimmune disease or chronic infec-
tious disease (i.e. hepatitis or HIV). Abstinence from alco-
hol, caffeine and physical activity 24 h prior to trials as well
as elimination of vitamin/mineral supplementation at least
4 weeks prior to taking part in the study was required and
confirmed verbally with the subjects on their arrival to the
laboratory. All subjects provided written informed consent
prior to participating in the study and the Committee for
the Protection of Human Subjects at the University of
Houston approved the protocol. Physical characteristics of
the subjects are presented in Table 1.

Blood processing

All blood samples were collected between 6:00 and 10:00
a.m. Fasting serum samples were frozen at —80° C until
measurement of CMV immunoglobulin (Ig)G antibodies,
which were analysed in duplicate using commercially avail-
able enzyme-linked immunosorbent assay (ELISA) Kkits
(BioCheck, Foster City, CA, USA) and a 96-well microplate
reader (Molecular Devices, Sunnyvale, CA, USA), in
accordance with the manufacturer’s instructions. The cut-
off for being defined as seropositive was an IgG index of 1,
which corresponded to an antibody titre of 1-2 (IU/ml).
Fasting whole blood samples were processed immediately
for phenotypical and functional analyses of NK cells using
flow cytometric techniques. Ethylenediamine tetraacetic
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Table 1. Physical characteristics of the participants (ncyvyv+ = 155 figmy- = 15)

CMV™ (NKG2Chigh)

CMV™ (NKG2C°Y)

One-way ANOVA

Characteristics (n=7) (n=28) CMV™ (n=15) F-statistic (P-value)
Gender (2F, 5M) (2F, 6M) (4F, 11M)

Age (years) 34.9 + 4.5 32.8 £56 31-0 £ 47 0-41 (0-67)
BMI (kg/m ) 253+ 3.8 24:5+ 2.4 249+ 3.3 0-23 (0-79)
Physical activity Rating (0-7)* 58 +19 6:0*+1-8 59+ 14 0-11 (0-90)

Data are mean = standard deviation. There was no effect of CMV/NKG2C category on any of the physical characteristics (P> 0.05). *Jackson

Physical Activity Rating (PA-R) [33]. CMV = cytomegalovirus (CMV); aNova = analysis of variance; M = male; F = female; BMI = body mass

index.

acid (EDTA) blood tubes (Becton Dickinson, Franklin
Lakes, NJ, USA) were used for the NK cell phenotypical
analysis and ACD blood tubes (Becton Dickinson) were
used for the NK cell functional assays.

Labelling with monoclonal antibodies against surface
antigens

A four-colour direct immunofluorescence procedure was
used to label whole blood with the following monoclonal
antibodies: peridinin chlorophyll (PerCP)-eFluor710-conju-
gated anti-CD56 [IgGl, clone CMSSB (FL3)]; Alexa488-
conjugated anti-KLRG1 (clone 13F12F2) [34], anti-NKG2C
(IgG1, clone 134591) or fluorescein isothiocyanate
(FITC)-conjugated anti-CD3 [IgGl, clone SK7 (FL1)];
phycoerythrin (PE)-conjugated anti-CD57 (IgM, clone
TBO01), anti-NKG2A (IgG2b, clone Z199), anti-CD158a/h
(IgG2b, clone HP-MA4), anti-CD158b1/b2/j (IgG1, clone
GL183) or anti-CD158el/e2 [IgGl, clone Z27.3.7) (FL2)];
and either an allophycocyanin (APC)-conjugated anti-CD3
(IgG2a, clone UCHT1) or anti-NKG2A [IgG2b, clone Z199
(FL4)]. Aliquots of 50 pl of whole blood were incubated
with 5-0 pl of each monoclonal antibody (mAb) [1 : 1 dilu-
tion with phosphate-buffered saline (PBS)] for 30 min at
room temperature. The blood was then incubated with 500
pl of red blood cell (RBC) lysis buffer (eBioscience, San
Diego, CA, USA) for 20 min at room temperature, washed
with PBS and resuspended in 250 pl of PBS prior to flow
cytometry analysis. The anti-CD56, anti-CD3, anti-CD57
and anti-CD158a/h antibodies were purchased from eBio-
science; the anti-NKG2A, anti-CD158b1/b2/j and anti-
CD158el/e2 antibodies were purchased from Beckman
Coulter (Brea, CA, USA); the anti-NKG2C antibody was
purchased from R&D Systems (Minneapolis, MN, USA);
and the anti-KLRG1 antibody was generously provided by
Dr Hanspeter Pircher.

Flow cytometry

NK cell phenotypes were assessed on a BD Accuri C6 flow
cytometer (BD Accuri, Ann Arbor, M1, USA). The lympho-
cytes were identified and gated electronically using the for-
ward and side light-scatter mode using Accuri C6 (CFlow™
software version 2). Side-scatter against CD3 was then used

to identify and gate the CD3™ cells and the CD56™ popula-
tion was identified in the CD3™ population. Co-expression
of surface markers was then assessed on the CD37/CD56™"
NK cells in order to identify individual NK cell subsets by
four-colour flow cytometry. The antibody panel used in
this study is described in Table 2. Single-colour compensa-
tion control tubes were used to establish the compensation
scheme for all flow cytometry-based assays. Data were ana-
lysed directly using BD Accuri’s CFlow Plus software. The
percentages of all CD37/CD56 " NK cells expressing the cell
surface markers of interest were tabulated for statistical
analysis. Total cell numbers of each NK cell subset were
determined by multiplying the percentage of all lympho-
cytes expressing the surface markers of interest by the total
lymphocyte count. The lymphocyte count was determined
using a whole blood flow cytometric procedure [35] that
was validated internally against a Mindray BC-3200 Auto
Hematology Analyzer (Nanshan, Shenzhen, China).

NK cell cytotoxicity assay and blocking experiment

This study employed the following target cell lines:
721.221, U266, K562 and 221.AEH. 721.221 is an HLA-
deficient/HLA-E negative (HLA-E"®) lymphoma cell line;
U266 is a multiple myeloma cell line that expresses classical
HLA molecules [Group 1 HLA-C (*0304 and *0702) and
HLA-Bw6] and dimly expresses HLA-E (HLA-E""); K562
is an HLA-E" leukaemia cell line (HLA—Emid) that lacks
classical HLA molecules; and 221.AEH is a transfectant
derived from the 721.221 cell line that highly expresses
HLA-E (HLA—Ehigh) [36]. As we have described previously

Table 2. Antibody panel

FL1 FL2 FL3 FL4
NKG2C NKG2A CD56 CD3
NKG2C CD57 CD56 CD3
NKG2C CD158a CD56 CD3
NKG2C CD158b CD56 CD3
NKG2C CD158e CD56 CD3
KLRG1 CD57 CD56 CD3
CD3 CD158a CD56 NKG2A
CD3 CD158b CD56 NKG2A
CD3 CD158e CD56 NKG2A
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[37], monocyte-depleted lymphocytes (purity: 99 * 1%
lymphocytes) were co-cultured with CD71-labelled target
cells (1-:0 X 10° cells) at 1: 1,2 X 5:1,5:1and 10: 1 lym-
phocyte : target cell ratios in a final volume of 2 X 2 ml of
10% fetal bovine serum (FBS)-RPMI-1640. Monocytes
were depleted magnetically using CD14 Microbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany). After a 4-h
incubation at 37°C, the cells were washed and stained with
anti-CD3 and CD56 antibodies to quantify the number of
NK cells in each tube. After a final wash, propidium iodide
(PI) was added and the numbers of NK cells, live target
cells and dead target cells were resolved using four-colour
flow cytometry. NK cell cytotoxicity was quantified as the
percentage of specific lysis (% total lysis — % spontaneous
cell death). Spontaneous cell death was less than 10% for
the U266 and K562 cell lines and less than 20% for the
721.221 and 221.AEH cell lines for each assay. All antibod-
ies and PI were purchased from eBioscience.

For the NKG2C/NKG2A blocking experiment, NK cells
were treated with either 10 pl of media, isotype control,
anti-NKG2C (IgGl, clone 134591; R&D Systems), anti-
NKG2A (IgG2b, clone Z199; Beckman Coulter) or anti-
NKG2C and anti-NKG2A. NK cells were then washed and
resuspended in media.

NK cell degranulation and intracellular staining assay

Peripheral blood mononuclear cells (PBMCs) and
221.AEH cells (HLA-E"®" lymphoma) were washed and
resuspended in 10% FBS-RPMI-1640 at a final concentra-
tion of 2-5 X 10° and 5-0 X 10° cells/ml, respectively. As
described previously [37], the PBMC solution was plated
out in a flat-bottomed 96-well plate (100 pl per well) under
three conditions: negative control, 5 : 1 PBMC to target cell
ratio and positive control. Five pl of 10% monensin (BD
GolgiStop™), 2 ul of anti-CD107a PE-CF594 (IgG1, clone
H4A3) and 10 pl of 10% brefeldin A (Sigma-Aldrich, St
Louis, MO, USA) were added to each well.

Following a 4-h incubation, the cells were harvested
from the plate and pipetted into fluorescence activated cell
sorter (FACS) tubes. The cells were washed and resus-
pended in 200 pl of PBS. The cells in each tube were then
stained with anti-CD56 BV605 (IgG1, clone HCD56), anti-
CD3 APC-cyanin 7 (Cy7 (IgGl, SK7) and anti-NKG2C
FITC (IgGl, clone 134591). The cells were then lysed, per-
meabilized and stained with anti-IFN-y VG-450 (IgGl1,
clone B27), as described previously [38]. The anti-CD3,
anti-CD107a and anti-IFN-y antibodies were purchased
from BD Biosciences; the anti-CD56 antibody from Biole-
gend (San Diego, CA, USA); and the anti-NKG2C antibody
from R&D Systems. The proportions of NKG2C™ NK cells
expressing CD107a and IFN-y were resolved by five-colour
flow cytometry on a BD LSRFortessa flow cytometer (BD
Biosciences).

NKG2C" NK cell expansion assay

NKG2C™" NK cells were expanded preferentially from magnet-
ically enriched CD37/CD56" NK cells (purity: 96 + 1% NK
cells) obtained from CMV-seronegative subjects. First, PBMCs
were sorted negatively using CD3 MicroBeads (Miltenyi Bio-
tec) and then the CD3-depleted cells were sorted positively
using CD56 MicroBeads (Miltenyi Biotec). NK cells were cul-
tured for 14 days with 30 ng/ml IL-15 (eBioscience) and either
721.221 (HLA-E™® lymphoma) or 221.AEH (HLA-E"¢" lym-
phoma) target cells at a 10 : 1 NK cell : target cell ratio (37°C).
NK cell numbers were determined every 3-4 days when the
medium was changed. The phenotype, function and receptor
specificity of the expanded NK cell lines was determined
before (d0) and after expansion (d14) by flow cytometry (as
described above). NK cell cytotoxicity was measured against
the 721.221 (HLA-E™® lymphoma), U266 (HLA-E°"
myeloma), K562 (HLA-E™ Jeukaemia) and 221.AEH (HLA-
E"" lymphoma) cell lines.

Statistical analysis

Data were analysed statistically using the Predictive Ana-
Iytics SoftWare (PASW version 22-0) statistics computer
program. To examine the effect of CMV status on NK cell
cytotoxicity, a maximum likelihood linear mixed model
(LMM) was built that included main effects for CMV sta-
tus and dose (X1, X2-5, X5 or X10) as well as an interac-
tion effect of CMV status X dose. To examine the effect of
NKG2C™ NK cell proportion on NK cell cytotoxicity in
CMV-seropositive subjects, an LMM was built that
included main effects for NKG2C proportion (high or low)
and dose as well as an interaction effect of NKG2C propor-
tion X dose. Subjects were categorized as NKG2C"&" if
their proportion of NKG2C™ NK cells was greater than the
upper limit of the 95% confidence interval (CI) for CMV-
seronegative subjects (13-4% of total NK cells). Those sub-
jects with an NKG2C™* NK cell proportion below 95% CI
were defined as NKG2C'°". Bonferroni post-hoc analysis
was performed to determine the precise location of any sig-
nificant effects for dose. To determine the effect of NKG2C/
NKG2A blockade on NK cell killing of 221.AEH cells
(HLA-E"®" lymphoma), a LMM was built that included
main effects for CMV status, dose and condition (media
only, isotype control, anti-NKG2C, anti-NKG2A or anti-
NKG2C * NKG2A) as well as interaction effects for CMV
status X dose and CMV status X condition. Bonferroni
post-hoc analysis was again performed to determine the
location of the significant effects for dose and condition.
To determine the effect of HLA-E on NK cell expansion,
phenotype and function, a LMM was built that included
main effects for culture conditions [baseline and 14 days
co-incubation with 721.221 (HLA-E™® lymphoma) or
221.AEH (HLA-E"#h lymphoma) cells] and NK cell dose
(for the NK cell assay), as well as an interaction effect for
culture condition X dose. The correlation between the
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Fig. 1. Latent cytomegalovirus (CMV) infection is associated with marked alterations in natural killer (NK) cell phenotype. (a) Whisker dot-plot
for the proportion of NKG2C™* NK cells based on latent CMV infection (ncyv+ = 155 ficmv- — 15). (b) Proportions of peripheral blood CD37/
CD56" NK cell subsets based on latent CMV infection. Values are mean * standard error. Statistically significant differences are indicated by
#P < 0-05. (c) Representative flow cytometry dot-plots for the co-expression of NKG2C with CD57 and CD158e, and the co-expression of

CD158a with NKG2A on NK cells based on CMV status.

proportion of NKG2C™ NK cells and cytotoxicity was
determined by calculating the R* value for the appropriate
best-fitting line. The impact of CMV infection on NK cell
phenotype was determined by using independent-sample -
tests based on CMYV status. The effect of NKG2C expression
on NK cell degranulation/IFN-y expression was deter-
mined using paired-sample #-tests. The upper bound of the
95% CI was defined as the mean + (1-96 X standard devia-
tion). Statistical significance was accepted at P < 0-05.

Results

Latent CMYV infection drives accumulation of
NKG2C™ NK cells with a highly differentiated
phenotype

The effect of latent CMV infection on NK cell phenotype is
described in Fig. la,b. CMV seropositivity was associated
with a marked increase in the percentage of NKG2C* NK
cells (P<0-05). Specifically, the percentage of NKG2C"/
CD57 ", NKG2C"/NKG2A", NKG2C/CD158a ", NKG2C "/
CDI158b" and NKG2C'/CD158¢” NK cells was elevated

in CMV-seropositive subjects (n=15) compared to
CMV-seronegative subjects (n=15) (P < 0-05). Of the 15
CMV-seropositive ~ subjects, seven were NKG2CMe"
(NKG2C™  proportion > upper bound of 95% CI for
CMV-seronegative subjects) and eight were NKG2C'"
(NKG2C"  proportion < upper bound of 95% CI for
CMV-seronegative subjects). Further, the percentage of NK
cells expressing CD158e was lower in those infected with
CMYV relative to CMV-seronegative subjects (P < 0-05). The
functions of individual NK cell receptors are described in
Table 3. CMV-induced changes in the number of NK cell
subsets are presented in Table 4 (non-significant findings are
presented in Supporting information, Table S1). Representa-
tive flow cytometry dot-plots that illustrate the effect of
CMYV infection on NK cell phenotype are shown in Fig. 1c.

NK cell cytotoxicity against HLA-E-expressing target

cells is enhanced in CMV-seropositive individuals in

association with an increased proportion of NKG2C™
NK cells

The effect of CMV infection on NK cell cytotoxicity against
the 721.221 (HLA-E"™® lymphoma), U266 (HLA-E"Y
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Table 3. Natural killer (NK) cell surface markers

Cell surface

marker Function

NKG2C NK cell activating receptor that interacts with
HLA-E [15]

NKG2A NK cell inhibitory receptor that interacts with
HLA-E [15]

CD57 Differentiation marker associated with reduced
replicative potential [22]

CD158a NK cell inhibitory KIR that interacts with HLA-C
group 2 antigens [39]

CD158b NK cell inhibitory KIR that interacts with HLA-C
group 1 antigens [39]

CD158e NK cell inhibitory KIR that interacts with HLA-B

antigens [39]
KLRG1 NK cell inhibitory receptor that interacts with
E-cadherin [34]

HLA = human KIR = killer cell

immunoglobulin-like receptor.

leucocyte antigen;

myeloma), K562 (HLA-E™9 leukaemia) and 221.AEH
(HLA-E"®" lymphoma) cell lines is described in Fig. 2a.
NK cell cytotoxicity (%) increased with increasing effector
: target cell ratios for all four cell lines (P < 0-001) and all
four doses were distinct from each other (P< 0-05). The
dose response for the NK cell assay is presented in Support-
ing information, Table S2. To determine the effect of CMV
status on NK cell cytotoxicity, a LMM was built that
included main effects for CMV status and dose as well as an
interaction effect of CMV status X dose. CMV seropositivity
was associated with increased NK cell cytotoxicity (main
effect) against the U266 (HLA-E°¥ myeloma)
(Fu, ss)=7.909, P<0-01), K562 (HLA-E™ leukaemia)
(Fi1, 120) = 12-560, P< 0-01) and 221.AEH (HLA-E"" lym-
phoma) (F(, o) = 58-:554, P< 0-001) cell lines, but not the
721.221 (HLA-E™® lymphoma) cell line (F;, g0)=0-019,
P =0-89). The effect of CMV status on NK cell cytotoxicity
increased with effector cell dose (interaction effect) for the
221.AEH (HLA-E"®" lymphoma) cell line (F(s, go) = 5-507,
P<0:01), but not the U266 (HLA-E°Y myeloma)
(Fss, s5) = 0-890, P = 0-45) and K562 (HLA-E™ leukaemia)
(F3, 120)=1:317, P=0-27) cell lines. In summary, CMV-

Table 4. Natural killer (NK) cell subset numbers in healthy adults
(nemv+ = 155 nemy- — 15) contrasted by cytomegalovirus (CMV)
status

Cell subset (cells/pl) CMV-seropositive CMV-seronegative

NKG2C*/NKG2A~ 23-8 £ 22.9% 40%36
NKG2C*/CD57" 29-5 + 28.2% 43+36
NKG2C*/CD158a" 173 = 17.2* 3-8+ 36
NKG2C*/CD158b™ 16-0 = 13-9* 3-8+35
NKG2C*/CD158¢” 42.8 +42.3* 78+ 66

Data are mean * standard deviation. Statistically significant dif-
ferences are indicated by *P < 0-05.

seropositive individuals had higher NK cell cytotoxicity
against HLA-E™ target cell lines, and this effect was greater
at higher doses for the 221.AEH cell line (HLA-EM"
lymphoma).

The effect of NKG2C™ NK cell proportion on cytotox-
icity against the 721.221 (HLA-E™® lymphoma), U266
(HLA-E™" myeloma), K562 (HLA-E™? leukaemia) and
221.AEH (HLA-E"€" lymphoma) cell lines in CMV-
seropositive subjects is described in Fig. 2b. To determine
the effect of NKG2C* NK cell proportion on cytotoxicity
in CMV-seropositive subjects, an LMM was built that
included main effects for NKG2C proportion (high or
low) and dose as well as an interaction effect of NKG2C
proportion X dose. In CMV-seropositive subjects, a high
proportion of NKG2C™ NK cells (NKG2C"&") was asso-
ciated with increased cytotoxicity (main effect) against
the U266 (HLA-E™ myeloma) (F,, 44 =8724,
P<0-01), K562 (HLA-E™ leukaemia) (F(;, 0y = 42-947,
P<0-001) and 221.AEH (HLA-E™®" lymphoma) (F,
10) = 54:047, P<0-001) cell lines, but not the 721.221
(HLA-E™® lymphoma) (F;, 40)=0-409, P=0-53) cell
line. The effect of NKG2C™* NK cell proportion increased
with effector cell dose (interaction effect) for the K562
(HLA-E™¢ leukaemia) (F5, 60)=5'106, P<0-01) and
221.AEH  (HLA-E"®" lymphoma) (Fs, 40) = 4-840,
P <0-01) cell lines, but was independent of dose (interac-
tion effect) for the U266 (HLA-E° myeloma) cell line
(F, 44 =0-380, P=0-77). In summary, CMV-
seropositive individuals with a high proportion of
NKG2C* NK cells had higher cytotoxicity against HLA-
E" target cell lines and this effect was greater at higher
doses for the K562 (HLA—Emid leukaemia) and 221.AEH
(HLA-E"€" lymphoma) cell lines.

The correlation between the proportion of NKG2C™
NK cells and cytotoxicity against the 721.221 (HLA-E"*®
lymphoma), U266 (HLA-E'" myeloma), K562 (HLA-
E™9 leukaemia) and 221.AEH (HLA-EMsh lymphoma)
cell lines in CMV-seropositive subjects is described in Fig.
2¢. The proportion of NKG2C* NK cells was correlated
strongly (in CMV-seropositive subjects) with cytotoxicity
against the U266 (HLA-E™Y myeloma) (R* ~ 0-80), K562
(HLA-E™ leukaemia) (R* = 0-85) and 221.AEH (HLA-
phish lymphoma) (R* ~ 0:90) cell lines, but not the
721.221 (HLA-E™*® lymphoma) cell line (R* < 0-01). The
correlation between the proportion of NKG2C* NK cells
and cytotoxicity in CMV-seronegative subjects was
R* < 0-1 for all four cell lines. Flow cytometry histograms
for the expression of HLA-E by the 721.221 (HLA-E"*®
lymphoma), U266 (HLA-E"" myeloma), K562 (HLA-
E™¢ leukaemia) and 221.AEH (HLA-EMsh lymphoma)
cell lines are shown in Fig. 2d. In summary, the propor-
tion of NKG2C™ NK cells correlates strongly with cyto-
toxicity against HLA-E™ target cell lines (in CMV-
seropositive subjects).
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Fig. 2. Latent cytomegalovirus (CMV) infection enhances natural killer (NK) cell cytotoxicity against human leucocyte antigen (HLA)-E-expressing target
cells in association with an increased proportion of NKG2C* NK cells. (a) NK cell cytotoxicity (%) against 721.221 (HLA-E"® lymphoma) (ncyy+ = 105
fiemy- — 10), U266 (HLA-EY myeloma) (icyy+ = 11; noyy- = 11), K562 (HLA-E™ leukaemia) (noav+ — 15; ioay- — 15) and 221, AEH (HLA-EMe?
lymphoma) cells (neyv+ = 105 icmy- — 10) at 1:1,2-5:1,5: 1 and 10 : 1 effector : target cell ratios based on latent CMV infection. (b) NK cell cytotoxicity
(%) against 721-221 (nxkGachi = 5 MNKG2Clo = 3)> U266 (finkGachi = 55 INkG2Clo = 6), K562 (nxkaachi = 75 nkGaclo = 8) and 221.AEH cells (1nkgacni = 55
ANKG2Clo = D) at 1:1,2:5:1,5: 1 and 10 : 1 effector : target cell ratios based on the proportion of NKG2C™" NK cells in CMV-seropositive subjects. Values
are mean = standard error. Statistically significant differences are indicated by #P < 0-05. (c) Correlation between the proportion of NKG2C™ NK cells and
NK cell cytotoxicity (%) against 721-221 (n = 10), U266 (n = 11), K562 (n = 15) and 221.AEH cells (n = 10) at a 10 : 1 effector : target cell ratio in CMV-
seropositive subjects. (d) Flow cytometry histograms for the expression of HLA-E by 721-221, U266, K562 and 221.AEH cells.

NK cell cytotoxicity against 221.AEH (HLA-E"" cell line are described in Fig. 3a,b. Three CMV-seropositive
lymphoma) cells is enhanced in CMV-seropositive (aged 31-0 = 2-6 years; gender: two male, 1 female; physical
individuals in an NKG2C-dependent manner activity rating: 7; BMI: 23-0 =2:0) and three CMV-

The effects of NKG2C and NKG2A blockade on NK cell seronegative subjects (aged 30-0 * 2.0 years; gender: two
cytotoxicity against the 221.AEH (HLA-E™&" lymphoma) male, 1 female; physical activity rating: 6-3 * 0-5; BMI:
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Fig. 3. Latent cytomegalovirus (CMV) infection enhances natural killer (NK) cell cytotoxicity against human leucocyte antigen (HLA)-E-
expressing target cells in an NKG2C-dependent manner. (a) NK cell cytotoxicity (%) against 221.AEH (HLA-E"#" lymphoma) cells at 1 : 1, 2-5
1,5: 1 and 10 : 1 effector : target cell ratios based on latent CMV infection and anti-NKG2C treatment (ncyv+ = 35 icmv- = 3). (b) NK cell
cytotoxicity (%) against 221.AEH cells at a 10 : 1 effector : target cell ratio under five different treatments: media, isotype control
[immunoglobulin (Ig)G1], anti-NKG2C, anti-NKG2A and anti-NKG2C" NKG2A (ncmv+ = 35 ficmy— = 3). () Percentage of NKG2C™ and
NKG2C™ NK cells expressing the degranulation marker CD107a, interferon (IFN)-y and both CD107a and IFEN-y in response to 221.AEH cells
(n=6). Values are mean * standard error. Statistically significant differences are indicated by #P < 0-05. (d) Representative flow cytometry dot-

plots for the degranulation assay.

24-0 = 1-0) participated in this blocking experiment. To
determine the effect of NKG2C/NKG2A blockade on NK
cell killing of 221.AEH cells (HLA-E™®" lymphoma), a
LMM was built that included main effects for CMV status,
dose and culture condition (media only, isotype control,
anti-NKG2C, anti-NKG2A or anti-NKG2C * NKG2A) as
well as interaction effects for CMV status X dose and CMV
status X culture condition. CMV seropositivity was associ-
ated with increased NK cell cytotoxicity (main effect)
against the 221.AEH (HLA-E™®" lymphoma) cell line (Fq,
120) = 84:179, P < 0-001). The effect of CMV status on NK
cell cytotoxicity against the 221.AEH (HLA-E"" lym-
phoma) cell line was eliminated when NKG2C was blocked
(P<0-001) even if NKG2A was blocked at the same time
(P<0-001). Treatment with anti-NKG2A or isotype con-
trol (IgG1) did not alter the effect of CMV on NK cell cyto-
toxicity against the 221.AEH (HLA-E"&" lymphoma) cell
line (P>0-05). The percentages of degranulating
(CD107a™) and IFN-vy expressing NKG2C™* and NKG2C~
NK cells in response to the 221.AEH (HLA-E"®" lym-
phoma) cell line are described in Fig. 3c. Expression of
NKG2C was associated with higher 221.AEH-induced
degranulation and IFN-y expression by NK cells
(P<0-05). Representative flow cytometry dot-plots that
illustrate the effect of NKG2C expression on NK cell degra-
nulation (CD107a™) and IFN-y expression in response to
the 221.AEH (HLA-E"®" lymphoma) cell line are shown in
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Fig. 3d. In summary, NKG2C" NK cells are responsible for
the increased cytotoxicity against 221.AEH cells (HLA-E™"
lymphoma) in CMV-seropositive individuals.

Preferential expansion of NKG2C"/NKG2A™ NK cells
from CMV-seronegative individuals enhances NK cell
cytotoxicity against HLA-E-expressing tumour cell
lines

The effect of culturing NK cells with 221.AEH (HLA-E"&"
lymphoma) feeder cells for 14 days on the proportion of
NKG2C* and NKG2C"/NKG2A™ NK cells is described in
Fig. 4a. Four CMV-seronegative subjects participated in
this expansion experiment (aged 31-3 = 2.9 years; gender:
three male, one female; physical activity rating: 6-5 % 0-5;
BMI: 24-0 = 0-8). To determine the effect of HLA-E on NK
cell expansion, phenotype and function, a LMM was built
that included main effects for culture conditions [baseline
and 14 days co-incubation with 721.221 (HLA-E"® lym-
phoma) or 221.AEH cells (HLA-EMeh lymphoma)] and NK
cell dose (for the NK cell assay), as well as an interaction
effect for culture condition X dose. There was a main effect
of culture condition on the proportion of NKG2C* (F,,
12)=50-4, P<0-001) and NKG2C2"/NKG2A~ NK cells
(F2, 12)=123-0, P<0-001) that was driven by a greater
proportion of these subsets after 14 days culture with
221.AEH cells (HLA-E"®" lymphoma) (P<0-05). The
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Fig. 4. Isolated natural killer (NK) cells from four cytomegalovirus (CMV) seronegative donors were expanded over 14 days in the presence of
interleukin (IL)—15 and human leucocyte antigen (HLA)-E transfected (221.AEH) or non-transfected (721.221) feeder cells. Panel (a) shows the
proportion of NKG2C™ and NKG2C*/NKG2A™ NK cells relative to culture conditions. (b) NK cell cytotoxicity (%) against the 721.221 (HLA-
E"® lymphoma), U266 (HLA-E"Y myeloma), K562 (HLA-E™9 leukemia) and 221.AEH (HLA-E"&" lymphoma) cell lines at a 1 : 1 NK : target
cell ratio relative to culture conditions. (c) The change in NK cell cytotoxicity (Acytotoxicity) against the 721.221, U266, K562 and 221.AEH cell
lines at a 1 : 1 NK : target cell ratio after 14 days of co-culture with the 221.AEH cell line. (d) Number of NKG2C™ NK cells before and after 14

days of co-culture with 221.AEH or 721.221 cells. Values are mean * standard error. Statistically significant differences from baseline and 721.221
expanded NK cells are indicated by "P < 0-05 and #P < 0-05, respectively. A statistically significant difference in Acytotoxicity is indicated by

*P < 0-05.

effecct of 221.AEH-driven NKG2C'/NKG2A™ NK cell
expansion on cytotoxicity against the 721.221 (HLA-E"®
lymphoma), U266 (HLA-E'®" myeloma), K562 (HLA-E™
leukaemia) and 221.AEH (HLA-EMsh lymphoma) cell lines
is described in Fig. 4b,c. There was a main effect of culture
condition on NK cell cytotoxicity against 721.221 (HLA-
E"¢ lymphoma) (F, 45 = 32:0, P<0-001), U266 (HLA-
E" myeloma) (Fp, 45 =80-7, P<0-001), K562 (HLA-
E™4 leukaemia) (F(, 45 = 68-1, P<0-001) and 221.AEH
cells (HLA-E™&" lymphoma) (F, 48 =50.4, P<0-001)
that was driven by increased cytotoxicity after 14 days cul-
ture with 221.AEH (HLA-E"®" lymphoma) cells
(P<0-001). The increase in NK cell cytotoxicity against
the 221.AEH (HLA-E"®" lymphoma) cell line was greater
than for the other three cell lines (P < 0-05). The effect of
14 days of co-culture with 221.AEH cells on NKG2C* NK

cell numbers is shown in Fig. 4d. There was a main effect
of culture condition on the number of NKG2C" (F,
12)=4.1, P<0-5) and NKG2C"/NKG2A™ NK cells (F,,
12) = 4:0, P<0-05) that was driven by a greater number of
these subsets after 14 days culture with 221.AEH cells
(HLA-EMsh lymphoma) (P<0-05). In summary, co-
culture of NK cells with HLA-E™ feeder cells (221.AEH)
preferentially expands NKG2C* NK cells and increases
cytotoxicity against HLA-E™ target cell lines.

Discussion

The current literature on CMV infection and NK cell func-
tion is tilted overwhelmingly towards studies of solid organ
and haematopoietic cell transplantation where patients are
severely immunocompromised or elderly [23,32,39,40]. In
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this study, we investigated how latent CMV infection in
otherwise healthy non-elderly adults (< 50 years) affects
NK cell function and linked these functional changes to
CMV-induced phenotypical alterations. The phenotypical
imprint of CMV infection is a marked increase in the pro-
portion of NKG2C™ NK cells expressing the terminal dif-
ferentiation marker CD57, lacking the HLA-E-specific
inhibitory receptor NKG2A, and showing a skewed killer-
cell immunoglobulin-like receptor (KIR) repertoire
(CD158a"/CD158b"/CD158¢7). We show here that latent
CMYV infection is associated with increased NK cell cyto-
toxicity against leukaemia, lymphoma and multiple
myeloma target cells, and have implicated target cell HLA-
E expression and NK cell NKG2C expression in this effect.
Signalling through the activating receptor NKG2C can
drive NK cell cytotoxicity in CMV-infected individuals, as
evidenced by enhanced NK cell cytotoxicity against lym-
phoma cells constitutively expressing the NKG2C ligand
HLA-E (221.AEH), but not those lacking HLA-E expres-
sion (721.221). This CMV-induced increase in NK cell
cytotoxicity against the 221.AEH cell line (HLA-E"&" lym-
phoma) is abrogated completely by antibody blockade of
the NKG2C receptor. In addition, we show that cytotoxicity
against HLA-E™ tumour cell lines can be enhanced in
CMV-seronegative individuals by expanding NKG2C" NK
cells via co-culture of NK cells with 221.AEH (HLA-E"#?
lymphoma) feeder cells. Collectively, these data suggest
that CMV infection might prime NK cells to recognize and
destroy malignant target cells through the accumulation of
highly functional NKG2C™ NK cells.

We have shown previously that latent CMV infection is
associated with increased NK cell cytotoxicity against leu-
kaemia and multiple myeloma target cell lines [37]. We
show here that this CMV effect was correlated strongly with
the proportion of NKG2C™" NK cells in CMV-infected indi-
viduals. The beneficial effect of a high NKG2C* NK cell
proportion on cytotoxicity against the K562 (HLA-E™
leukaemia) cell line was much larger than with cytotoxicity
against U266 (HLA-E"¥ myeloma) cells (+18.2 versus
+4.0%), which was in line with the higher HLA-E expres-
sion of K562 cells relative to U266 cells. The expansion of
NKG2C™* NK cells is a hallmark of CMV infection and the
magnitude of expansion is highly variable between individ-
uals [18-20]. It has been shown that NKG2C™ NK cells are
expanded selectively in response to CMV-infected cells due
to the interaction of NKG2C with HLA-E expressed on the
surface of CMV-infected cells [25,26]. NKG2C* NK cells
are capable of generating recall responses during active
CMYV infection and a higher percentage of donor NKG2C™
NK cells is associated with a reduced risk of CMV reactiva-
tion during allogeneic haematopoietic cell transplantation
[23,24]. Our work builds on a previous murine study,
which showed that latent herpesvirus infection ‘arms’ NK
cells and can protect against lymphoma challenge [28],
suggesting that CMV-expanded NKG2C™ NK cells are not

just effective mediators of anti-viral immunity, but are also
superior killers of tumour cells. Future studies should
determine how CMYV affects anti-tumour NK cell cytotox-
icity in older donors as multiple myeloma and AML have
their highest prevalence in patients over 50 years of age
[41,42] and recent evidence suggests that tumour immuno-
surveillance decreases with increasing age in CMV-
seropositive individuals [43]. It could be that age (or dura-
tion of infection) contributes to the accumulation of
NKG2C" NK cells in a similar manner to that seen with
CMV-specific T cells.

It has been reported that CMV reactivation is associated
with a marked reduction in the risk of relapse in AML
patients receiving a haematopoietic cell transplant [31,32].
The mechanism behind this reduced relapse risk is cur-
rently unknown; however, it has been hypothesized that it
may be the result of CMV-mediated alterations in the com-
position of NK cell subsets [32]. In this study, we show that
the accumulation of NKG2C™ NK cells with latent CMV
infection is associated with a strong anti-leukaemia and
anti-myeloma effect in vitro that is proportionate to the
HLA-E expression of the target cell lines. Many tumour
cells express HLA-E, the ligand for NKG2C [29]; thus, we
hypothesized that the increased anti-tumour cytotoxicity of
NK cells in CMV-infected individuals was the result of an
increased proportion of NKG2C™ NK cells. HLA-E can sig-
nal through either the activating receptor NKG2C or the
inhibitory receptor NKG2A, both of which form a complex
with the signal transduction protein CD94 [44,45]. Signal-
ling through the inhibitory receptor NKG2A is dominant,
thus only NKG2C "/NKG2A™ NK cells are able to lyse HLA-
E-expressing target cells effectively [46]. Using the HLA-E
transfected 221.AEH (HLA-E"®" lymphoma) cell line, we
were able to demonstrate that the CMV effect on NK cell
cytotoxicity was restricted to HLA-E™ target cells, as
cytotoxicity was increased markedly against 221.AEH
(HLA-E™#" lymphoma) cells, but not non-transfected,
HLA-E-negative 721.221 cells (HLA-E"*® lymphoma). The
effects of CMV and NKG2C" NK cell proportion on NK
cell cytotoxicity against HLA-E-expressing target cells
increases with effector cell dose, due probably to the fact
that at lower doses some of the NK cells never come into
contact with target cells, while at higher doses most (or all)
NK cells have the opportunity to interact with target cells
(thus allowing for greater NKG2C/HLA-E interaction).
Interestingly, this increased NK cell cytotoxicity against the
221.AEH (HLA-E"®" lymphoma) cell line was abrogated
completely by antibody blocking of NKG2C, but remained
intact when NKG2A was blocked. Thus, the increased
percentage of NKG2C"/NKG2A™ NK cells appears to be
directly responsible for the increased anti-tumour cytotox-
icity observed in CMV-seropositive individuals. Further, it
is the NKG2C™ NK cells specifically that degranulate and
produce IFN-y in response to 221.AEH cells (HLA-E™¢"
lymphoma), thus linking these cells directly to NK cell-
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mediated cytotoxicity. It is possible that our results may
help to explain the anti-leukaemia effect of CMV reactiva-
tion in AML patients receiving an allogeneic haemato-
poietic cell transplant [31,47], as NKG2C™ NK cells expand
during reactivation of CMV [24] and AML blasts are
known to express high levels of HLA-E [48]. Further, we
show that the CMV effect on NK cell cytotoxicity can be
mimicked in CMV-seronegative individuals through
221.AEH-driven expansion of NKG2C"/NKG2A™ NK cells.
It remains to be determined if an already large NKG2C™
NK cell pool taken from a CMV-seropositive individual
can be expanded further using 221.AEH cells. Overall, our
present findings suggest that CMV-induced accumulation
of NKG2C™ NK cells drives increased cytotoxicity against
blood cancer target cell lines that express HLA-E. Future
studies should seek to determine how CMYV infection
affects NK cell cytotoxicity against solid tumours, as CMV
seropositivity and elevated NKG2C™ NK cell proportion
are associated with an increased risk of head/neck and colo-
rectal tumours in liver transplant patients [49], which sug-
gests that CMV may have divergent effects on NK cell
cytotoxicity depending on the category of tumour. It is also
important to determine how CMYV infection and the pro-
portion of NKG2C™ NK cells affect prognosis/relapse risk
in patients with a haematological malignancy as well as
cytotoxicity against primary tumours. While it has been
reported that donor CMV seropositivity [30] and CMV
reactivation [31,32] are associated with a decreased risk of
relapse in AML patients, this beneficial effect is more than
nullified by increased non-relapse mortality [30,50]. Our
findings suggest that the beneficial effect of CMV on AML
relapse risk may be attributable to an increased proportion
of NKG2C " NK cells that are capable of recognizing and
killing HLA-E* AML blasts [48]. If this is the case, infusion
of ex-vivo expanded NKG2C* NK cells may mimic the
effect of CMV on preventing AML relapse, while at the
same time reducing the risk of CMV reactivation [24,40]
and consequently reducing the risk of non-relapse
mortality.

Our results also demonstrate that the accumulation of
NKG2C™ NK cells with CMV infection favours KIR specific
for HLA-C (CD158a and CD158b) over those specific for
HLA-B (CD158e). The literature concerning the effects of
CMV infection on KIR expression is ambiguous, as some
studies report that ‘unlicensed” NK cells expand during
CMYV infection and suppress viraemia [19,51], while other
studies report that NKG2C™ NK cells that expand during
CMV infection are licensed [40]. Our data support the
notion that NKG2C™ NK cells that expand with CMV
infection are licensed relative to HLA-C antigens as the per-
centages of NKG2C"/CD158a" and NKG2C'/CD158b"
NK cells were markedly increased, but this was not the case
with NKG2C*/CD158e™ NK cells. Previous studies have
reported a marked preferential expansion of NKG2C"/
CD158b™ NK cells relative to NKG2C™ NK cells expressing
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other KIR [40,52,53]. Our results, however, show that
NKG2C™" NK cells express similar levels of CD158a and
CD158b, while expression of CD158e is clearly reduced in
CMV-infected individuals, the latter being consistent with
previous reports [19]. Hence, it appears that NKG2C™ NK
cells are licensed relative to some HLA antigens (HLA-C
groups 1 and 2) and unlicensed relative to others (HLA-B).
The difference between our findings and those reported in
the literature are due probably to differences in CMV status
(active versus latent infection) and subject pool (healthy
versus immunocompromised) between the earlier studies
and our own.

In conclusion, our results show for the first time that
latent CMV infection enhances NK cell cytotoxicity against
HLA-E expressing tumour target cell lines through selective
accumulation of NKG2C™* NK cells. The beneficial effect of
CMV on NK cell cytotoxicity can be abrogated completely
by blockade of NKG2C and preferential expansion of
NKG2C"/NKG2A~ NK cells can enhance cytotoxicity in
CMV-seronegative individuals. Collectively, our data sug-
gest that the CMV-mediated increase in the proportion of
NKG2C* NK cells may prime NK cell cytotoxicity and
could be beneficial in preventing the progression and devel-
opment of haematological malignancies characterized by
high HLA-E expression, although future studies using pri-
mary tumour target cells will be required to support this
assertion. Moreover, enrichment of the NKG2C™ NK cell
fraction may serve as a simple strategy for enhancing the
anti-tumour cytotoxicity of NK cells for immunotherapeu-
tic applications.
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Additional Supporting information may be found in the
online version of this article at the publisher’s web-site:

Table S1. Natural killer (NK) cell subset numbers in
healthy adults (ncyv+ = 155 novmyv— = 15) contrasted by
cytomegalovirus (CMV) status. Data are mean * standard
deviation. All cell counts for which there was no signifi-
cant CMV effect are reported here (P> 0-05)

Table S2. Cytotoxicity against natural killer (NK) cell tar-
gets in healthy adults. Doses are defined as effector : tar-
get cell ratios (E T). Data are mean * standard
deviation. Main effects and interactions among the nomi-
nal variables (cytomegalovirus status and dose) are shown
with significance indicated by *P < 0-05
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