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ABSTRACT

A subpopulation of NK cells with distinctive phenotype and function differentiates and expands specifically in response to in-
fection by human cytomegalovirus (HCMV). A hallmark of these adaptive NX cells is their increased expression levels of the
activating CD94/NKG2C receptor for HLA-E, and lack of expression of its inhibitory homologue CD94/NKG2A. Their frequency
is highly variable in HCM V™ individuals, and the basis for such differences is only partially understood. Here, we explore the
possible influence of sequence polymorphism of the NKG2C (or KLRC2) gene on the expansion of NKG2Ct*NKG2A~ NK cells in
healthy HCM V-seropositive donors. Our results show a significant association of greater proportions of adaptive NK cells with allele
NKG2C*02. This is defined by two amino acid substitutions in comparison with the most prevalent allele, NKG2C*01, and associates
with additional sequence polymorphisms in noncoding regions. Furthermore, we demonstrate consistently higher mRNA levels
of NKG2C*02 in heterozygous individuals co-expressing this allele in combination with NKG2C*01 or *03. This predominance is
independent of polymorphisms in the promoter and 3’ UTRs and is appreciated also in HCM V-seronegative donors. In summary, al-
though additional factors are most likely implicated in the variable expansion of NKG2C*NKG2A~ NK cells in response to HCMV,
our results demonstrate that host immunogenetics, in particular NKG2C diversity, influences the magnitude of such response.

1 | Introduction

NK cells sense levels of MHC Class I molecules in infected cells
and tumours through inhibitory receptors, which have evolved
within the immunoglobulin-like and C-type lectin-like protein su-
perfamilies [1-5]. In humans, best characterised of those are the
inhibitory killer-cell immunoglobulin-like receptors (iKIR), and
the CD94/NKG2A heterodimer, officially designated killer-cell

lectin-like receptor (KLR) KLRD1/KLRC1. Both iKIR and CD94/
NKG2A have activating homologues of less well-understood
biological role, which recognise with lower affinity similar or
identical ligands. The activating heterodimer CD94/NKG2C
(or KLRD1/KLRC2), like its inhibitory counterpart, recognises
HLA-E presenting conserved nonameric peptides with methi-
onine at P2, generally derived from the polymorphic leader se-
quence of other HLA class I molecules (i.e., HLA-G, -A, -B, and -C)
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[6, 7]. Differences in the sequence of bound peptides determines
the affinity of the interaction between HLA-E and its NKG2A/C
receptors (the CD94 subunit will be omitted henceforth) [8-11].

In comparison with the enormous genetic diversity of KIR and
their ligands [12, 13], NKG2C and A, encoded in the NK com-
plex on human chromosome 12, appear little polymorphic [14].
However, a 16-Kb deletion encompassing the whole NKG2C gene
is seen in, approximately, one third of individuals in all studied
populations [15-18]. Furthermore, Shum et al. [14] showed that
the NKG2C primary structure is represented by two common
alleles that differ in amino acids 2 (intracytoplasmic) and 102
(extracellular stem). More recently, we described a third less com-
mon allele with a mixed motif in those residues [19], and showed
that variations in the coding sequence are associated with addi-
tional single-nucleotide polymorphisms (SNPs) in the promoter
and the 3’ untranslated regions (UTR), forming three conserved
haplotypes, besides others less represented [20]. Thus, combina-
tion of copy-number variation and allelic polymorphism creates
significant NKG2C diversity: in our study of 240 Spanish indi-
viduals, we observed 18 NKG2C genotypes, the most common of
which was seen in only 22% of the population [20]. Significance
of NKG2C sequence polymorphism for receptor function, immu-
nity, and health remains scarcely explored [15, 21].

Human cytomegalovirus (HCMV) causes a highly prevalent
and persistent infection which alters the immune system con-
figuration [22], including the NK-cell receptor distribution.
In HCMV-seronegative individuals, only small proportions
of peripheral-blood NK cells express NKG2C at low levels
(NKG2C4m), often accompanied by NKG2A. In contrast, NK
cells expressing higher NKG2C levels (NKG2CPright) differen-
tiate and expand in HCMV-seropositive subjects [23, 24]. This
subpopulation, commonly referred to as ‘adaptive’ NK cells, typ-
ically displays additional phenotypic and differentiation traits,
such as lack of NKG2A, oligoclonal expression of iKIR for self
HLA, and changes in the expression of other surface receptors,
signalling molecules, and transcription factors, altogether im-
pacting on their effector functions [18, 25-32].

Abundance of circulating adaptive NK cells in different healthy
HCMVT individuals is vastly variable (ranging from inconspic-
uous to constituting the majority of NK cells), but their propor-
tions tend to remain stable over the years [24, 28, 33]. The basis for
such individual variability is likely multifactorial, involving both
host and viral factors. NKG2C* NK-cell frequencies are often in-
creased in immunocompromised individuals, probably reflecting,
and possibly compensating, a poor control of HCMYV replication
by T-lymphocytes [34-38]. In this regard, pre-transplant numbers
of NKG2C* NK cells correlate inversely with the risk of clinically
significant HCMV replication after kidney transplant [36]. In ad-
dition, we showed that NKG2C gene-copy number correlates pos-
itively with numbers of NKG2C* NK cells in healthy individuals
and infected children [18, 39], as well as in immunosuppressed
patients [36]. On the virus side, the HCMV UL40 protein in-
cludes a peptide, with polymorphism in different strains, which
replicates the sequence of endogenous HLA-leader peptides, and
supports HLA-E expression in infected cells [9, 40], an example of
convergent evolution favouring viral evasion. Hammer et al. [41]
showed that HLA-E, bound to the HCMV UL40 peptide stimu-
lates NKG2C™* adaptive NK cells. In this study, we address whether

NKG2C sequence polymorphism might influence the expansion
of adaptive NK cells in healthy HCMV* individuals.

2 | Materials and Methods
2.1 | Subjects and Samples

To analyse possible association of NKG2C polymorphism with
expansion of NKG2C* peripheral blood NK cells in response to
HCMYV, we studied, after informed consent and venipuncture,
232 healthy donors recruited in two cities in Spain (Barcelona and
Madrid) with positive serology (IgG) for HCMV and at least one
copy of the NKG2C gene. Donors age ranged from 18 to 83years,
and their NKG2C genotypes (sequence polymorphisms as well as
copy number variation), determined by PCR-SSP [42] and DNA-
sequencing methods, have been reported previously [20]. Four ad-
ditional donors without HCMV-specific antibodies were studied for
relative NKG2C-allele expression by reverse-transcription and PCR.

2.2 | Assessment of NKG2C* Adaptive NK-Cells by
Flow Cytometry

NK cells in peripheral blood and their phenotypes were assessed
by multi-colour flow cytometry. Samples collected in Barcelona
were analysed as detailed previously [18]; and samples collected
in Madrid were stained with the same antibody-dye combina-
tion, except for anti-CD3, labelled with VioBlue (Miltenyi Biotec
GmbH) instead of PerCP, in a MACSQuant Analyser, using
MACSQuantify software (both by Miltenyi Biotec GmbH) in the
central facility of IDIPHISA.

Adaptive NXK cells were defined as CD3-CD56"NKG2CtNKG2A~
lymphocytes (Figure S1), and their proportions were referred to
CD3~CD56™ cells. The GraphPad Prism 7.03 statistical software
(GraphPad Software Inc. Boston, MA, USA) was used to represent
and compare, with the non-parametric Mann-Whitney test, the
percentages of NKG2C*TA~ NK cells of different donor categories.

2.3 | Estimation of the Relative Abundance
of NKG2C-Allele RNA in Heterozygotes

Total RNA was isolated from peripheral blood mononuclear
cells with the RNeasy Plus kit (Qiagen GmbH) of donors with
different NKG2C genotype, proportion of NKG2C*A~ NK cells
and HCMV serostatus. Complementary DNA was synthe-
sised with a first-strand synthesis kit (GE Healthcare-Fisher
Scientific) and used as substrate for different PCR amplifications
with pairs of primers that target sequences conserved in alleles
NKG2C*01, *02, and *03. Sanger sequencing around the exon 3
SNP c.305C/T, distinctive of NKG2C*02 in regard to other alleles,
was used as a first approach in 15 samples. To this end, PCR
primers were KLRF-20 (catagagcacagtccctc, forward, 5° UTR)
and KLRR+47 (gcaatcataatatttctattttaag, reverse, 3’ UTR), and
sequencing primers, KLRF254 (catttgcattgtcctgatgge, forward)
and KLRRa544 (atccacactgggctgatt, reverse). As a reference
substrate with identical amounts of both alleles, genomic DNA
of the same donors was analysed in a similar manner (details not
shown, available upon request).
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To compare more precisely the relative abundance of
NKG2C-allele transcripts, we designed a qPCR method that
included 5'-fluorophore-labelled, 3’-quencher oligonucle-
otide probes specific for each allele. A 175-bp NKG2C seg-
ment was amplified from 5 to 50ng of cDNA with 0.5uM of
primer KLRC2F292 (tagttcttattcctttcctgg, forward, exons
2-3) and 0.5uM KLRC2R428 (ttcttcgaagtacaggcca, reverse,
exon 4) in a final volume of 10pL of PCR mix (PrimeTime
Master Mix, IDT, Integrated DNA Technologies Inc.,
Coralville, 10, USA) containing 0.25uM of each probe. The
two fluorescent dye labelled, locked nucleic acid (LNA) Mini
Affinity Plus qPCR probes (IDT) were: for NKG2C ¢.305C,
6-FAM-AA+CAAT+T+C+TT+CCCCG-Iowa Black FQ; and,
for ¢.305T, SUN-AA+CAAT+T+T+TT+CC+CCG-Iowa Black
FQ (+symbols represent LNA bases). The PCR profile was:
3min at 95°C, 50cycles of 95°C, 20, 64°C, 20s, and 72°C 20s,
and a final 4-min step at 72°C, in a QuantStudio 5 thermo-
cycler (Applied Biosystems). Fluorescence levels were anal-
ysed with Quant Studio Design and Analysis Software v1.5.1.
Endpoint increase from baseline fluorescence, triggered by
probe binding, was used as a measure of target amplification.

Probe specificity was assessed with appropriate control sam-
ples of known NKG2C genotypes lacking the relevant allele, as
shown in Section 3. In addition, the signal levels produced by
both probes were verified and monitored for each batch using
heterozygous genomic DNAs containing, by definition, a 1:1
ratio of each allele; and, for some batches, an equimolar mix-
ture of synthetic cDNAs matching NKG2C alleles (see below). A
modified PCR method with different primers was used for PCR
on genomic DNA (details available upon request). To verify con-
sistency of the results, analyses of cDNA samples were repeated
with different probe batches. Each cDNA sample was tested in at
least two replicate experiments (range: 2-10; average: 4).

To obtain an approximate estimation of the relative levels of each
NKG2C allele in mRNA of heterozygous individuals, we applied
the qPCR method above to two synthetic DNAs (gBlocks gene
fragments, IDT) matching nucleotides c.156 through c¢.557 of
NKG2C*01/*%03 and NKG2C*02. These fragments were studied at
a final substrate concentration of 0.04 pg/mL, in isolation, and by
serial dilution, in the following proportions: 10:1, 5:1, 2:1, 3:2, 1:1,
2:3, 1:2, 1:5, 1:10, 1:50, and 1:100, as shown in Results. Each dilu-
tion was assayed two to five times (average: 3). Relative abundance
of NKG2C-allele transcripts within a heterozygous RNA sample
was estimated by interpolation. Mean values of the two probes in
heterozygous individuals were compared with a paired t-test.

3 | Results

3.1 | Analysis of Association Between NKG2C
Polymorphism and Adaptive NK-Cell Expansions in
Healthy Individuals

3.1.1 | Distribution of NKG2C*A~ NK Cell Percentages
in Healthy Donors

To investigate the influence of host genetic factors on the vari-
able expansion of adaptive NK cells in different individuals,
we studied possible association between KLRC2/NKG2C gene

polymorphism and proportions of those NK cells in healthy
unrelated individuals with positive serology for HCMV, whose
NKG2C CNV and sequence polymorphisms were reported pre-
viously [20]. After exclusion of eight homozygotes for whole
gene deletion, we correlated NKG2C genetic diversity with the
NK-cell phenotypes, assessed by flow cytometry, of 232 donors
with at least one copy of the NKG2C gene. An NKG2C*A~ phe-
notype was used as a surrogate marker of adaptive NK cells,
and Figures 1 and S2 depict their individual proportions in the
whole sample, which ranged between 0.2% and 74.6% (median
5.0%, interquartile range 2%-16%, mean 12.4%, 95% confidence
interval 10.3%-14.5%). Since half of the individuals had < 5% of
NKG2C*A~ NK cells, and percentages do not follow a normal
distribution, for better visualisation, data will be represented in
log scale (Figure S2, right, and henceforth).

3.1.2 | Frequency of NKG2C*A~ NK Cells According to
NKG2C Copy Number and Extended Haplotypes

We previously reported that NKG2C is deleted on one chro-
mosome in 28.3% of Spanish individuals; and that a series of
eight SNPs in its coding, promoter, and 3’ UT regions define
three major haplotypes conserved in> 95% of individuals, and
six other variant haplotypes with much lower frequencies [20].
Figure 1 represents the percentages of NKG2C*A~ NK cells in
carriers of the different NKG2C haplotypes, beside the SNPs that
form each haplotype. As we originally reported [18, 39], indi-
viduals with a haploid NKG2C dosage have lower frequencies
of NKG2C*A~ NK cells than those with a full gene complement
(3.7% vs. 5.0%, p=0.020, Figure 1 lower panel).

Carriers of the two most common haplotypes, NKG2C-Ia and
-1b, have median frequencies nearly identical to that of the
whole sample, which do not differ from those of non-carriers.
In contrast, the 51 NKG2C-2a carriers have a higher median
value that differs significantly from that of non-carriers (8.0%
vs. 4.4%, p=0.005, Figure 1). Other NKG2C*02 haplotypes
(2b, 2c, and 2d) might also associate with high frequencies of
NKG2C*A~ NK cells, but donors carrying these haplotypes, as
well as NKG2C-Ic, -1d and -3, are too scarce for a reliable estima-
tion (Figure 1).

The different NKG2C haplotypes and gene deletion combine
in this sample in 18 homo- and heterozygous genotypes, the
most common of which (Ia/la) is seen in only 53 individu-
als. Figure 2 represents and compares the distribution of
NKG2C*A~ NK-cell frequencies of NKG2C genotypes seen
in at least five individuals. Of note, all genotypes containing
NKG2C*02 have medians above the general population (last
five in Figure 2). The most common among them, NKG2C-
la/2a, has a median of 17.0% that differs from genotypes
containing only haplotypes NKG2C-1a and 1b on one or both
chromosomes with different degrees of statistical significance
(p=0.003-0.086, Figure 2). An effect of copy-number vari-
ation is perceivable, albeit with low statistical significance,
only in the comparison of the NKG2C-la/del and NKG2C-
la/1a genotypes, but not in others. Also of note, within virtu-
ally all genotypes, the range of percentages of NKG2C*A~ NK
cells is ample, with some individuals having less than 1% and
others having more than 20%, observation consistent with
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5'UTR CDS 3'UTR
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8 técgggge MW AT
% gATggggec 2af % ¢ .”g’.b{)—'}:‘—.‘*ﬁﬁ. 9%t
:‘E tATggggc 2bd : .
tATggagec 20 +:—|_+
tATaagat 2d+ . l-'-v—°—|-’—1'
................................................................. bommmm oo
tACgaagt 34 f : I !
& \ N N
%NKG2C+ NKG2A-
Carriers Non-carriers
Haplotype , . P
Median (n) Median (n)
Del 3.7% (68) 5.0% (164) 0.020
1a 4.7% (166)  5.3% (66) 0.624
1b 4.7% (89) 5.0% (143) 0.400
1c 14% (1)  5.0% (231) .
1d 7.0% (3) 5.0% (229) 0.627
2a 8.0% (51) 4.4% (181) 0.005
2b 9.5% (1) 5.0% (231) _
2c 20.3% (2) 5.0% (230) 0.455
2d 17.1% (6)  5.0% (226) 0.222
3 31.25% (2)  5.0% (230) 0.968

FIGURE 1 | Frequencies of NKG2C*NKG2A~ NK cells in carriers of different NKG2C extended haplotypes, that is, including SNPs of the
promoter (c.-208T>G), coding (c.5G>A and ¢.305C>T) and 3’ UT (c.¥*20A>G, c.¥*105A>G, ¢.*285G>A, c.*401A>G, c.*419T>C) regions, as shown on
the left. Lines represent medians and interquartile ranges; dots are individual values. For reference, a dashed line represents in all figures the median

percentage of the whole sample, whose distribution is also depicted here on the top. Colours distinguish the three forms of NKG2C CDS. Frequencies

of carriers and non-carriers of common haplotypes are compared below the graphic.

factors other than the NKG2C gene influencing abundance of
adaptive NK cells.

3.1.3 | Separate Analysis of NKG2C Regions: The
Coding Sequence

Since the NKG2C haplotypes analysed above comprise both coding
and non-coding SNPs, we performed additional analyses aimed at

identifying which of those regions is primarily responsible for the
observed association with proportions of NKG2CtA~ NK cells.
The two linked coding SNPs define two major alleles, NKG2C*01
and 02 (Ser2-Ser102 and Asn2-Phel02, respectively). Carriers of
the second allele represent 25% of the population and they display
proportions of NKG2C*A~ NK cells that differ from non-carriers
with high statistical significance (median 8.5% vs. 4.0%, p <0.001
Figure 3). In contrast, NKG2C*0I carriers, constituting>90% of
all donors, have a median percentage not surprisingly identical to
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Genotypes seen in 2 5 individuals

1a/del o o0 et tpeO—o—mo o oo o Me=34% n=39
1a/1a— . s cond rettefins o © cOne oo Me=5.0% n=53
1b/del < o oo foo—f—ooei . . Me=51% n=19
1b/1b Pobs—s— o1 000 . Me=44% n=17
1a/1b- o o son @ —ofeen———o——@ocecn o Me=3.6% n=39
1a/2a- S Me=17.0% n=24
1b/2a— . o ol —e—ed o o Me=6.0% n=13
1a/2d - . et Me=171% n=6
2a/2a- o Me=55% n=5
2a/del - — --:--'l‘ ﬁ_.'._.:l_._«- '."""I Me=6.6% n=8
Qt\ LN \Q \QQ

% NKG2C* NKG2A"

1a/1a | 0.074
1bidel | 0437 | 0.678
1b/b | 0.734 | 0.153 | 0.375
1aib | 0.361 | 0.419 | 0.990 | 0.266
2aldel | 0.376 | 0.988 | 0.745 | 0.501 | 0.851
2al2a | 0.306 | 0.793 | 0.990 | 0.607 | 0.500 | 0.833
1al2a 0.068 | 0278 | 0275
1b/2a 0312 | 0347 | 0147 | 0.194 | 0.595 | 0.455 | 0.504
1al2d | 0.075 | 0275 | 0.152 | 0.098 | 0.320 | 0.242 | 0.329 | 0.973 | 0579
1aldel | 1a/1a | 1bidel | 1b/1b | 1a/1b | 2aldel | 2a/2a | 1a/2a | 1b/2a

FIGURE2 | Frequencies of NKG2C*NKG2A~ NK cellsin individuals
with different NKG2C genotypes, considering extended haplotypes and
gene dose; only genotypes seen in, at least, five individuals are shown.
The P value of each comparison is shown on the bottom; a colour code
highlights different levels of statistical significance.

100 3
< .
(3]
o
X 107
z
+
(&)
(3]
o -
v, 1
= 4
N
0.1 T T : T T : T T
carriers non-carriers carriers non-carriers carriers non-carriers
NKG2c*01 NKG2C*02 NKG2C*03
Allele Carriers Non-carriers
Median (n) Median (n) P
NKG2c*01 5.0% (217) 55% (15) 0.857
NKG2C*02 8.5% (60) 4.0% (172) <0.001
NKG2C*03 31.2% (2) 5.0% (230) 0.968

FIGURE 3 | Frequencies of NKG2C*NKG2A~ NK cells in carriers
and non-carriers of the three known NKG2C coding sequences. Median
frequencies and p values of comparisons are shown below, and asterisks
highlight one comparison with p <0.001.

the whole sample; the 15 non-carriers do not differ significantly
from them, suggesting that presence of NKG2C*01 is neutral for
NKG2C+A~ NK-cell proportions. Finally, NKG2C*03, charac-
terised by a hybrid Asn2-Ser102 motif [19], is found in only two
individuals with disparate NKG2C*A~ expression levels and

o *otdei{ o - Me=34% n=59
o
2 *01,701 . Me=46% n=112
o
S *01,7021 Me = 11.4% n = 46
o
»n *02,del- Me=6.6% n=8
o
O +02,%02H Me=55% n=5
8
g *02,%03 V=620% n=1
: “03,del V=05% n=1
T T 1
- - o o
o - =

% NKG2C+ NKG2A-

*01,702
*02,del 0.443 0.842 0.265
*02,02 0.446 0.659 0.253 0.833

*01,del *01,*01 *01,*02 *02,del

FIGURE4 | Frequenciesof NKG2C*NKG2A~ NKcellsinindividuals
with different NKG2C CDS genotypes. All observed genotypes are
represented, and those seen in more than one individual are compared
below the dot plots.

genotypes (Figures 3 and 4), precluding reliable evaluation of the
phenotype associated with this allele.

Analysis of individual genotypes (Figure 4) parallels the results
of haplotype analysis (Figure 2): NKG2C*01,%02 heterozygotes,
the major group of allele NKG2C*02 carriers, have proportions
of NKG2C+A~ NK cells significantly higher than NKG2C*01,del
and NKG2C*01,*01 donors, who have percentages below the gen-
eral median (medians: 11.4% vs. 3.4% and 4.6%, p<0.001 and
0.006, respectively). Gene dose effects are either not statistically
significant or unnoticeable in this analysis of coding sequence
genotypes. In particular, neither the NKG2C*02,del nor the
NKG2C*02,*02 genotypes associate with impressive NKG2C*TA~
NK-cell proportions, but this result must be taken with caution
since they are both represented by groups of < 10 individuals.

3.1.4 | Separate Analysis of NKG2C Regions:
Polymorphisms in 5’ and 3’ Non-Coding Sequences

Since NKG2C diversity includes SNPs in its 5’ and 3’ non-coding
regions, we analysed separately those polymorphisms. The c.-
208T variant of the NKG2C promoter is found in the vast ma-
jority of individuals, since it is present in all NKG2C*0I and *03
haplotypes, and in a minority of NKG2C*02 ones; its carriers and
non-carriers have medians similar to the general population. In
contrast, the alternative c.-208G motif associates with higher
proportions of NKG2C*A~ NK cells (Figure 5A). It was impos-
sible to verify the isolated effect of c.-208G because it was seen
exclusively with CDS allele NKG2C*02 (haplotype 2a). However,
the median frequency of NKG2C*A~ NK cells is not higher in
.-208G carriers (8.0%) than in NKG2C*02 carriers in general
(i.e., independently of their promoter sequence, 8.5%, Figure 3).
Furthermore, stratified analysis of the CDS and SNP ¢.-208T/G
reveals that, among the 60 NKG2C*02 carriers, nine donors
in whom NKG2C*02 is under control of a c.-208T promoter,
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FIGURE 5 | Frequencies of adaptive NK cells according to NKG2C-
promoter polymorphism. (A) Frequencies of NKG2C*NKG2A~ NK cells
in carriers and non-carriers of the two alleles of the NKG2C promoter
SNP c.-208T/G. Median frequencies and p values of comparisons
between carriers and non-carriers are shown below; asterisks indicate
p<0.01. (B) Analysis of NKG2C promoter SNP c.-208T/G, stratified for
CDS polymorphism. Left: Comparison, within NKG2C*02 carriers, of
those having or lacking c.-208G, usually associated with that allele.
Right: Comparison, among NKG2C*01,#02 individuals, between those
with the usual c.-208 T/G genotype and ones lacking c.-208G (i.e., c.-
208T homozygotes).

normally linked to NKG2C*01, do not display lower proportions
than ones having the usual c.-208G promoter (Figure 5B, left).
Moreover, those nine individuals all have NKG2C*01,%02+c.-
208T/T genotypes, and they show a median percentage of
NKG2C*A~ NK cells not inferior (13.4%) than those with the
similar, more common genotype NKG2C*01,*02+ c.-208T/G
(10%, Figure 5B, right).

These stratifications appear to argue against the possibility
that the promoter SNP c.-208G might be primarily responsible

for the phenotype associated with CDS allele NKG2C*02 and
its most common extended haplotype, NKG2C-2a. To exclude
the possibility that this unexpected result could be biased by
individuals with big expansions of adaptive NK cells, possibly
attributable to environmental or non-immunogenetic factors,
we studied the NKG2C*tA~ NK-cell frequencies in the subset of
185 donors having up to 20% such cells, in relation to relevant
NKG2C polymorphisms. Within this subset, 43 NKG2C*02 car-
riers had higher percentages than 142 non-carriers (medians:
5.0% vs., 3.0%, p=0.002). All three CDS genotypes carrying
allele NKG2C*02 maintain higher frequencies than geno-
types lacking this allele (Figure S3A), with different degrees
of statistical significance (not shown). Similarly, its linked
c.-208G promoter sequence associates with higher propor-
tions of NKG2C*A~ NK cells (p <0.01, Figure S3B). Finally,
a stratified analysis, identical to that shown in Figure 5B,
reveals again no statistically significant differences for the
promoter SNP (Figure S3C). However, a subtle difference can
be perceived with the analysis performed before exclusion of
donors with more than 20% adaptive NK cells: donors with
the variant genotype (i.e., allele NKG2C*02 without c.-208G)
have slightly, non-significantly lower frequencies than donors
with the usual combination, in contrast with the opposite
trend shown in Figure 5B. This result is compatible with an
independent, albeit less potent, influence of the promoter SNP
on expression, but demonstrating this will require studying
many more individuals with exceptional NKG2C genotypes.

On the NKG2C 3’ UTR, five SNPs associate tightly with each
other forming three combinations or haplotypes; two of those
SNPs, c*¥*105G-c*419C and c*105A-c*419T, are in complete link-
age disequilibrium in this sample. The first two haplotypes
(AAGAT and GAAGT), commonly seen with NKG2C*01, ap-
pear to be neutral regarding NKG2C*A~ NK-cell proportions
(Figure 6A); whilst greater frequencies of these cells are seen
in carriers of the third 3’ UTR haplotype (GGGGC), linked to
NKG2C*02, and its two distinctive SNPs (c*105G and ¢*419C)
(medians 8%, p<0.01, Figure 6A).

However, as it happened with the promoter SNP, those me-
dian values are not higher than that of NKG2C*02 carriers;
and stratified analysis (Figure 6B) revealed that all six donors
in whom NKG2C*02 is exceptionally followed by the domi-
nant AAGAT 3’ UTR haplotype (genotype of all six: 1a/2d)
have high NKG2C*A~ NK-cell proportions (17.1%), similarly
to 24 individuals with a nearly identical genotype, but having
the GGGGC 3’ UTR haplotype usually linked to NKG2C*02
(genotype: Ia/2a). Coincident results were obtained restrict-
ing this stratified analysis, as well as that of 3’ UTR haplotype
carrier state, to donors with<20% of NKG2C*A~ NK cells
(not shown), and additional analyses of 3’ UTR genotypes
(Figure S4) revealed no novel associations that might provide
further insight on those described above.

3.1.5 | NKG2C Genotype and Surface Expression Levels
on NK Cells

We previously observed that NKG2C copy-number variation,
besides modulating expansion of adaptive NK cells, correlated
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FIGURE 6 | Frequencies of NKG2C*NKG2A~ NK cells according to
NKG2C 3' UTR haplotypes and SNPs. (A) General analysis. Top: Dot
plots representing the distribution in carriers of the three common 3’
UTR haplotypes. Bottom: Comparison of the distributions of carriers
and non-carriers of those haplotypes and each individual SNP; median
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heterozygotes: Individuals with the usual 3’ UTR genotype ‘aagat/
ggggc’ (i.e., genotype Ia/2a) are compared with ones carrying a nearly
identical genotype, except for NKG2C*02 being associated with 3’ UT
‘aagat’ (and promoter c.-208 T, genotype Ia/2d).

positively with surface receptor levels [18, 39]. We therefore ana-
lysed whether NKG2C sequence polymorphism could behave in
a similar manner. The NKG2C MF1 value on NK cells in flow cy-
tometry was used as a measure of surface receptor density, and
normalised MFI distribution was compared between the groups
of donors with the most abundant genotypes. The reported effect
of copy-number variation on surface receptor density was seen
in the comparison of NKG2C*01,del donors with ones with two
NKG2C copies (NKG2C*01,%01 and 01,*02), but a NKG2C*01,*02
genotype appears to associate with only modestly higher MFI,
which does not differ significantly in this sample from that of
NKG2C*01,*01 (Figure S5).

3.2 | Relative Abundance of NKG2C Alleles mRNA

Given the observed association between the presence of allele
NKG2C*02 and higher proportion of NKG2C*A~ NK cells,
we considered of interest to compare the relative amount of
NKG2C*02 mRNA with that of the common allele NKG2C*01.
To this end, we chose analysis of heterozygotes for these al-
leles as the least biased experimental setting, since it would
ideally enable us to assess both alleles in the same tube, thus
neutralising confounding effects derived from comparing
samples of different donors, such as abundance of the subpop-
ulation of interest, concentration, and quality of the mRNAs
and cDNAs, efficacy of the individual amplification reactions
et cetera. As a first and simple approach, we used an RT-PCR
and sequencing method on the NKG2C exon 3 polymorphism
that distinguishes NKG2C*02 from the other alleles. This re-
vealed that the signal derived from NKG2C*02 was greater
than that from NKG2C*01, in contrast with a similar ampli-
con derived from genomic DNA, which, as expected, yielded
comparable amounts of the two alleles. This result replicated
using either forward or reverse sequencing primers, and in
several individuals with different NKG2C*01,*02 genotypes
(Figure S6). However, enzymatic cycle sequencing is not a
quantitative method, and peak height can be affected by mul-
tiple variables, therefore we aimed at verifying this prelimi-
nary result with another technique.

To attain a more precise and reliable estimation of the rep-
resentation of NKG2C*02 in comparison with NKG2C*01 (or
NKG2C*03) messengers, we set up a qPCR assay that included
two oligonucleotide probes. Each of these was specific for the
exon 3 SNP of those alleles and they were labelled with different
fluorescent dyes, which enabled their use and separate measure-
ment in the same tube. Figure 7 represents the relative signals
obtained with the two probes in each sample. Their amounts
were adjusted so that they produced signals of similar intensity
in amplifications of genomic DNA from NKG2C*01,*02 donors
(i.e., with a 1:1 allele ratio); and their specificity was verified on
genomic DNA and cDNA of individuals carrying just one type
of allele in homo- or hemizygosis, or lacking the NKG2C gene
altogether (Figure 7A,B). Analysis of heterozygotes (Figure 7C)
showed that, as hinted from sequencing experiments, NKG2C*02
mRNA predominated over that of NKG2C*01 (and NKG2C*03
in one available NKG2C*02,*03 sample). This result was consis-
tently observed in all assays performed with cDNAs of 14 hetero-
zygous individuals (p <0.0001). These included representatives
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of all common and some rare genotypes, considering, not only
the CDS, but also the promoter and 3’ UTR polymorphisms.
NKG2C*02 mRNA predominance was seen in individuals with a
wide range of NKG2C*A~ NK-cell proportions. The ratios of the
signals obtained with each probe did not appreciably correlate
with the percentages of adaptive NK cells or NKG2C* lympho-
cytes (Figure 7B,C, S7, and S8 and data not shown). Also worth
noting is that NKG2C*02 predominated over NKG2C*01 mRNA
even in seronegatives for HCMV (p=0.003), that is, before any
reactive expansion of such cells might have taken place. Using
two synthetic cDNAs corresponding to nucleotides 156-557 of
the NKG2C*01/#03 and the NKG2C*02 coding sequences, we
prepared a range of dilutions of both alleles, which were assayed
with the same qPCR method (Figure 7D). Interpolation with
this titration curve enabled us to estimate that NKG2C*02 mes-
sengers were in all donors 5-50 times as abundant as those of the
accompanying NKG2C*01 or *03 allele.

To rule out possible biases derived from the different fluores-
cence intensities and profiles of our probe-dye combinations, we
resynthesized those probes swapping their dyes (c.305C-SUN
and ¢.305T-FAM). Reanalysis of cDNAs and controls with the
new probes revealed again predominance of ¢.305T mRNA (al-
lele NKG2C*02) over c.305C, as did separate analysis of ¢.305C
and c.305T in different reactions, in comparison to the signal
produced by a reference probe specific for an unrelated mRNA
(Figures S7 and S8).

4 | Discussion

We have tested in this study the hypothesis that NKG2C se-
quence polymorphism might influence the relative abundance
of NK cells with a NKG2C*A~ phenotype that expand specifi-
cally in response to HCMV infection. Our results clearly indi-
cate that, beyond the known influence of NKG2C-gene CNV, a
series of SNPs linked to allele NKG2C*02 associates with greater
or lesser proportions of those cells. Strong association of those
polymorphisms in conserved haplotypes precludes mapping
precisely which SNPs are mainly responsible for the observed
effect. Exceptions to the common haplotypes are scarce; there-
fore, their analysis does not clarify whether SNPs in 5 and 3’
potentially regulatory regions [20] have stronger association
with expression levels than non-synonymous substitutions in
the CDS, which will require analysing much larger cohorts.
Limitations of this study are lack of data on absolute NX-cell
numbers, which enabled us to analyse only relative proportions
of the subpopulation of interest; and the small numbers of indi-
viduals carrying some rare genotypes, which prevents reliable
estimation of their associated phenotypes.

Of note, all NKG2C genotypes, including those associated with
the highest median percentages of NKG2CtA~ NX cells, include
some individuals with low proportions of those cells, and vice
versa, supporting that additional factors influence the probabil-
ity or degree of their expansion. Based on observations in im-
munocompromised individuals, a delayed or inefficient control
of viral replication by T cells, particularly following primary in-
fection, may predictably enhance the magnitude of the adaptive
NKG2C* NK cell response. This may be determined by circum-
stantial factors (e.g., early age of infection and viral load), as well

as by other genetic variables of the host (e.g., HLA, KIR) [43] and
HCMV (e.g., UL40) [41]; and it could be further boosted indi-
rectly by the antibody-mediated response of adaptive NX cells to
other viral infections [24, 28].

Furthermore, we have also shown here that NKG2C*02, the allele
associated with higher proportions of NKG2C*A~ cells, is con-
sistently transcribed at higher levels than the other alleles in het-
erozygous individuals, as assessed by RT-PCR analysis; and that
this effect is seen even in absence of the 5" and 3’ UT non-coding
polymorphisms associated with the allele CDS. The latter is an
unforeseen result, since c.-208G creates a YY1 site, expected to
enhance transcription levels, that is absent from the c.-208 T ver-
sion of the promoter. Influence of ¢.-208G/YY1 is not ruled out by
our study, since a putative effect of that site would be obscured by
the profound impact of the CDS SNPs. Identification of individu-
als with rare genotypes in which the NKG2C*02 CDS is dissoci-
ated from c-208G (e.g., NKG2C-2a/2d heterozygotes) could be of
help in studying the precise contribution of the promoter SNP to
the phenotype associated with NKG2C-2a.

Regulation of NKG2C-gene expression has not been explored, and
the mechanisms that connectits polymorphism with mRNA levels
and expansion of NKG2C*A~ cells are not obvious. To start with,
it is unknown if NKG2C expression is monoallelic in individual
NK cells of heterozygous subjects, as it happens for KIR through
epigenetic control [44]. Therefore, we ignore whether finding
more mRNA derived from NKG2C*02 than from NKG2C*01I in
heterozygotes means that there are more cells expressing the for-
mer allele, that every NKG2Ct cell expresses unequal amounts of
each allele, or a combination of both. In either case, NKG2C*02
mRNA predominance is previous to HCMV infection, since it
is also seen in seronegative donors. It remains to be established
whether NKG2C CDS polymorphisms exert a direct effect on
mRNA levels, or they do it by indirect mechanisms, for example,
some functional property of the encoded receptor, or linkage dis-
equilibrium with another unknown regulatory element.

Different expression levels of NKG2C alleles had not, to our
knowledge, been proposed before. However, the higher mRNA
levels of NKG2C*02 in heterozygotes is in agreement with (and
might explain) paradoxical results obtained previously: Shum
et al. [14] obtained ca. three times as many cDNA plasmid
clones from NKG2C*02 than from NKG2C*01, after RT-PCR and
plasmid cloning experiments from PBMC of a small population
sample, despite being NKG2C*0I most prevalent in all studied
populations [15, 20, 21].

Considering that NKG2C* adaptive NK cells may contribute
to control HCMV replication in at least some clinical settings
[36, 45-47], another intriguing question is why the most common
NKG2C allele is one associated with lesser expansion of the cells
that express it or, in other terms, why NKG2C*02 is not the most
common allele. One possible reason would be that NKG2C*02
might be evolutionarily more recent and in its way to becoming
the dominant human allele. Unfortunately, ambiguous results
in this regard derive from phylogenetic analysis (reference [14]
and search on the GenBank/EBI/DDBJ databases, not shown):
Phel02 of NKG2C*02 looks like a recent acquisition of the human
receptor (it is seen in NKG2F but not in NKG2C of other primates),
whilst Ser102 of NKG2C*01 is the consensus in primates. On the
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contrary, Asn2 of NKG2C*02 is the consensus of human and non-
human primate NKG2C (and other receptors of the same family),
Ser2 of NKG2C*01 thus being a newer polymorphism.

An alternative hypothesis to explain predominance of NKG2C*01
over NKG2C*02 in the population relates with a recurrent pattern
observed in leukocyte receptors—co-existence of allotypes of
identical function but different potency, in an apparent evolution-
ary equilibrium in which the less active allele is more frequent
in the population. Examples of this in NK cells are the activating
CD16A-158 V/F allotypes [48] and the inhibitory KIR 2DL2/2DL3
[49]. Similarly, NKG2C*01 and NKG2C*02 could be one additional
balanced pair, which would suggest that having more NKG2C*
adaptive NK cells could be more or less advantageous, depending
on the environment or the genetic context. NKG2C*01 predom-
inance could therefore mean that a moderate adaptive NK-cell
response to HCMV is beneficial in common circumstances, pos-
sibility further supported by the high allelic frequency of NKG2C
deletion in all populations (only second to NKG2C*01 in ours).

The significance of NKG2C sequence polymorphism in human
health is hardly explored [21]. Our finding encourages studies
aimed at exploring whether, and to what extent, it could predict
outcomes and health conditions related with HCMV infection
and with the NK cells that expand in response to this virus.

Author Contributions

J.A. and M.M. designed and performed experiments, analysed and in-
terpreted data, and wrote the article. K.A.-A.-S performed experiments.
A.M.and M.A. contributed samples and performed experiments. M.L.B.
designed the study and revised the article. C.V. designed the study, di-
rected research, and wrote the article.

Acknowledgements

We thank Drs. Elvira Ramil Tojeiro and Ardnzazu Garcia Grande, from
the DNA sequencing and flow cytometry core facilities of Instituto de
Investigacion Sanitaria Puerta de Hierro—Segovia de Arana, for con-
tinued support. This work was funded by grants EU FP7-MINECO
Infect-ERA  program (PCIN-2015-191-C02-01/02) and PID2019-
110609RB-C22/AE1/10.13039/501100011033 (AEI/FEDER, EU). MM
and JA were hired by the latter grant and by GCB15152947MELE from
the Asociaciéon Espaiiola contra el Cancer Foundation. Karima Al-
Akioui-Sanz was supported sequentially by grant PEJ-2017-A1/BMD-
7377, with co-financing by EU Youth Employment Initiative, European
Social Fund (91.89%), and Consejeria de Educacién, Juventud y Deporte
de la Comunidad de Madrid; and by grant SAF2016-80363-C2-2-R
(AEI/FEDER, EU).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1.S. K. Anderson, J. R. Ortaldo, and D. W. McVicar, “The Ever-
Expanding Ly49 Gene Family: Repertoire and Signaling,” Immunologi-
cal Reviews 181 (2001): 79-89.

2. M. Lopez-Botet, M. Llano, F. Navarro, and T. Bellon, “NK Cell Recog-
nition of Non-classical HLA Class I Molecules,” Seminars in Immunol-
ogy 12, no. 2 (2000): 109-119.

3. C. Vilches and P. Parham, “KIR: Diverse, Rapidly Evolving Receptors
of Innate and Adaptive Immunity,” Annual Review of Immunology 20
(2002): 217-251.

4. A. Moretta, R. Biassoni, C. Bottino, et al., “Major Histocompatibil-
ity Complex Class I-Specific Receptors on Human Natural Killer and T
Lymphocytes,” Immunological Reviews 155 (1997): 105-117.

5.L. L. Lanier, “NK cell receptors,” Annual Review of Immunology 16
(1998): 359-393.

6. V. M. Braud, D. S. Allan, C. A. O'Callaghan, et al., “HLA-E Binds to
Natural Killer Cell Receptors CD94/NKG2A, B and C,” Nature 391, no.
6669 (1998): 795-799.

7.N. Lee, M. Llano, M. Carretero, et al., “HLA-E Is a Major Ligand for
the Natural Killer Inhibitory Receptor CD94/NKG2A,” Proceedings of
the National Academy of Sciences of the United States of America 95, no.
9(1998): 5199-5204.

8.Z.Lin, A. A. Bashirova, M. Viard, et al., “HLA Class I Signal Peptide
Polymorphism Determines the Level of CD94/NKG2-HLA-E-Mediated
Regulation of Effector Cell Responses,” Nature Immunology 24, no. 7
(2023): 1087-1097.

9. S. L. Heatley, G. Pietra, J. Lin, et al., “Polymorphism in Human Cyto-
megalovirus UL40 Impacts on Recognition of Human Leukocyte Anti-
gen-E (HLA-E) by Natural Killer Cells,” Journal of Biological Chemistry
288, no. 12 (2013): 8679-8690.

10. M. Llano, N. Lee, F. Navarro, et al., “HLA-E-Bound Peptides Influ-
ence Recognition by Inhibitory and Triggering CD94/NKG2 Receptors:
Preferential Response to an HLA-G-Derived Nonamer,” European Jour-
nal of Immunology 28, no. 9 (1998): 2854-2863.

11. M. Vales-Gomez, H. T. Reyburn, R. A. Erskine, M. Lopez-Botet, and
J. L. Strominger, “Kinetics and Peptide Dependency of the Binding of
the Inhibitory NK Receptor CD94/NKG2-A and the Activating Receptor
CD94/NKG2-C to HLA-E,” EMBO Journal 18, no. 15 (1999): 4250-4260.

12.J. Robinson, J. A. Halliwell, H. McWilliam, R. Lopez, and S. G. E.
Marsh, “IPD—The Immuno Polymorphism Database,” Nucleic Acids
Research 41, no. D1 (2013): D1234-D1240.

13. E. E. Wroblewski, P. Parham, and L. A. Guethlein, “Two to Tango:
Co-Evolution of Hominid Natural Killer Cell Receptors and MHC,”
Frontiers in Immunology 10 (2019): 177.

14. B. P. Shum, L. R. Flodin, D. G. Muir, et al., “Conservation and Vari-
ation in Human and Common Chimpanzee CD94 and NKG2 Genes,”
Journal of Immunology 168, no. 1 (2002): 240-252.

15. K. Hikami, N. Tsuchiya, T. Yabe, and K. Tokunaga, “Variations
of Human Killer Cell Lectin-Like Receptors: Common Occurrence of
NKG2-C Deletion in the General Population,” Genes and Immunity 4,
no. 2 (2003): 160-167.

16. R. Miyashita, N. Tsuchiya, K. Hikami, et al., “Molecular Genetic
Analyses of Human NKG2C (KLRC2) Gene Deletion,” International
Immunology 16, no. 1 (2004): 163-168.

17. M. Moraru, E. Cisneros, N. Gémez-Lozano, et al., “Host Genetic Fac-
tors in Susceptibility to Herpes Simplex Type 1 Virus Infection: Contri-
bution of Polymorphic Genes at the Interface of Innate and Adaptive
Immunity,” Journal of Immunology 188, no. 9 (2012): 4412-4420.

18. A. Muntasell, M. Lopez-Montaifiés, A. Vera, et al., “NKG2C Zygosity
Influences CD94/NKG2C Receptor Function and the NK-Cell Com-
partment Redistribution in Response to Human Cytomegalovirus,” Eu-
ropean Journal of Immunology 43, no. 12 (2013): 3268-3278.

19.J. Asenjo, A. Muntasell, M. Lépez-Botet, M. Moraru, and C.
Vilches, “Complete Genomic Characterization of a New KLRC2 Allele,
NKG2C*03,” HLA 98 (2021): 259-261.

100f 11

HLA, 2024

85UB01 SUOWIWOD SARER.D 3|01 jdde U Aq peuLBA0b afe Sepile YO (88N JO S3|n Joj A%eIgIT 8UIIUO A3]IM UO (SUORIPUOD-PUR-SLLRYWOY B | 1M AReIq1fBu1juO//SAIY) SUORIPUOD PUe SWB | 8U) 89S *[5Z02/60/€2] U0 AriqITauUlUO AB]IM ‘(PepILES 8P OLBISIUIIA) LOSIAOLY [UONEN BURIUO0D SIS AQ 79/ ST URYTTTT OT/I0p/U00" A3 ARe1q 1 Ul |UO//SNY WO} POPEOIUMOQ ‘G ‘¥Z0C ‘0TEZ6S0C


https://doi.org/10.13039/501100011033

20.J. Asenjo, M. Moraru, K. Al-Akioui-Sanz, et al., “Diversity of NKG2C
Genotypes in a European Population: Conserved and Recombinant
Haplotypes in the Coding, Promoter, and 3’-Untranslated Regions,”
HLA 100, no. 5 (2022): 469-478.

21.J. Seo, J. S. Park, J. H. Nam, et al., “Association of CD94/NKG2A,
CD94/NKG2C, and Its Ligand HLA-E Polymorphisms With Behcet's
Disease,” Tissue Antigens 70, no. 4 (2007): 307-313.

22. P. Brodin, V. Jojic, T. Gao, et al., “Variation in the Human Immune
System Is Largely Driven by Non-heritable Influences,” Cell 160, no. 1-2
(2015): 37-47.

23. M. Guma, A. Angulo, C. Vilches, N. Gémez-Lozano, N. Malats, and
M. Lopez-Botet, “Imprint of Human Cytomegalovirus Infection on the
NK Cell Receptor Repertoire,” Blood 104, no. 12 (2004): 3664-3671.

24. M. Lopez-Botet, A. De Maria, A. Muntasell, M. Della Chiesa, and
C. Vilches, “Adaptive NK Cell Response to Human Cytomegalovirus:
Facts and Open Issues,” Seminars in Immunology 65 (2023): 101706.

25.V. Beziat, L. L. Liu, J. A. Malmberg, et al., “NK Cell Responses to Cy-
tomegalovirus Infection Lead to Stable Imprints in the Human KIR Rep-
ertoire and Involve Activating KIRs,” Blood 121, no. 14 (2013): 2678-2688.

26. L. L. Liu, J. Landskron, E. H. Ask, et al., “Critical Role of CD2 Co-
Stimulation in Adaptive Natural Killer Cell Responses Revealed in
NKG2C-Deficient Humans,” Cell Reports 15, no. 5 (2016): 1088-1099.

27. H. Schlums, F. Cichocki, B. Tesi, et al., “Cytomegalovirus Infection
Drives Adaptive Epigenetic Diversification of NK Cells With Altered
Signaling and Effector Function,” Immunity 42, no. 3 (2015): 443-456.

28.J. Lee, T. Zhang, I. Hwang, et al., “Epigenetic Modification and
Antibody-Dependent Expansion of Memory-Like NK Cells in Human
Cytomegalovirus-Infected Individuals,” Immunity 42, no. 3 (2015):
431-442.

29. M. Luetke-Eversloh, Q. Hammer, P. Durek, et al., “Human Cytomeg-
alovirus Drives Epigenetic Imprinting of the IFNG Locus in NKG2Chi
Natural Killer Cells,” PLoS Pathogens 10, no. 10 (2014): e1004441.

30. M. Costa-Garcia, A. Vera, M. Moraru, C. Vilches, M. Lopez-Botet,
and A. Muntasell, “Antibody-Mediated Response of NKG2C(Bright) NK
Cells Against Human Cytomegalovirus,” Journal of Immunology 194,
no. 6 (2015): 2715-2724.

31. M. Moraru, L. E. Black, A. Muntasell, et al., “NK Cell and Ig Inter-
play in Defense Against Herpes Simplex Virus Type 1: Epistatic Inter-
action of CD16A and IgG1 Allotypes of Variable Affinities Modulates
Antibody-Dependent Cellular Cytotoxicity and Susceptibility to Clini-
cal Reactivation,” Journal of Immunology 195, no. 4 (2015): 1676-1684.

32.T. Zhang, J. M. Scott, I. Hwang, and S. Kim, “Cutting Edge:
Antibody-Dependent Memory-Like NK Cells Distinguished by FcRga-
mma Deficiency,” Journal of Immunology 190, no. 4 (2013): 1402-1406.

33. H. Schlums, M. Jung, H. Han, et al., “Adaptive NK Cells Can Per-
sist in Patients With GATA2 Mutation Depleted of Stem and Progenitor
Cells,” Blood 129, no. 14 (2017): 1927-1939.

34. B. Foley, S. Cooley, M. R. Verneris, et al., “Cytomegalovirus Reacti-
vation After Allogeneic Transplantation Promotes a Lasting Increase in
Educated NKG2C+ Natural Killer Cells With Potent Function,” Blood
119, no. 11 (2012): 2665-2674.

35.S. Lopez-Verges, J. M. Milush, B. S. Schwartz, et al., “Expansion of
a Unique CD57(+)NKG2Chi Natural Killer Cell Subset During Acute
Human Cytomegalovirus Infection,” Proceedings of the National Academy
of Sciences of the United States of America 108, no. 36 (2011): 14725-14732.

36.D. Redondo-Pachon, M. Crespo, J. Yelamos, et al., “Adaptive
NKG2C(+) NK Cell Response and the Risk of Cytomegalovirus Infec-
tion in Kidney Transplant Recipients,” Journal of Immunology 198, no.
1(2017): 94-101.

37.M. Guma, C. Cabrera, I. Erkizia, et al.,, “Human Cytomegalovirus
Infection Is Associated With Increased Proportions of NK Cells That

Express the CD94/NKG2C Receptor in Aviremic HIV-1-Positive Pa-
tients,” Journal of Infectious Diseases 194, no. 1 (2006): 38-41.

38. T. W. Kuijpers, P. A. Baars, C. Dantin, M. van den Burg, R. A. van
Lier, and E. Roosnek, “Human NK Cells Can Control CMV Infection in
the Absence of T Cells,” Blood 112, no. 3 (2008): 914-915.

39. D. E. Noyola, C. Fortuny, A. Muntasell, et al., “Influence of Congen-
ital Human Cytomegalovirus Infection and the NKG2C Genotype on
NK-Cell Subset Distribution in Children,” European Journal of Immu-
nology 42, no. 12 (2012): 3256-3266.

40. P. Tomasec, V. M. Braud, C. Rickards, et al., “Surface Expression of
HLA-E, an Inhibitor of Natural Killer Cells, Enhanced by Human Cyto-
megalovirus gpUL40,” Science 287, no. 5455 (2000): 1031-1033.

41. Q. Hammer, T. Ruckert, E. M. Borst, et al., “Peptide-Specific Recog-
nition of Human Cytomegalovirus Strains Controls Adaptive Natural
Killer Cells,” Nature Immunology 19, no. 5 (2018): 453-463.

42. M. Moraru, M. Caiiizares, A. Muntasell, R. de Pablo, M. Lopez-
Botet, and C. Vilches, “Assessment of Copy-Number Variation in the
NKG2C Receptor Gene in a Single-Tube and Characterization of a Ref-
erence Cell Panel, Using Standard Polymerase Chain Reaction,” Tissue
Antigens 80, no. 2 (2012): 184-187.

43. A. R. Manser, N. Scherenschlich, C. Thons, H. Hengel, J. Timm, and
M. Uhrberg, “KIR Polymorphism Modulates the Size of the Adaptive
NK Cell Pool in Human Cytomegalovirus-Infected Individuals,” Jour-
nal of Immunology 203, no. 8 (2019): 2301-2309.

44. S. Santourlidis, H. I. Trompeter, S. Weinhold, et al., “Crucial Role of
DNA Methylation in Determination of Clonally Distributed Killer Cell
Ig-Like Receptor Expression Patterns in NK Cells,” Journal of Immunol-
0gy 169, no. 8 (2002): 4253-4261.

45.7Z. B. Davis, S. A. Cooley, F. Cichocki, et al., “Adaptive Natural Killer
Cell and Killer Cell Immunoglobulin-Like Receptor-Expressing T Cell
Responses Are Induced by Cytomegalovirus and Are Associated With
Protection Against Cytomegalovirus Reactivation After Allogeneic
Donor Hematopoietic Cell Transplantation,” Biology of Blood and Mar-
row Transplantation 21, no. 9 (2015): 1653-1662.

46. C. M. Harpur, S. Stankovic, A. Kanagarajah, et al., “Enrichment of
Cytomegalovirus-Induced NKG2C+ Natural Killer Cells in the Lung
Allograft,” Transplantation 103, no. 8 (2019): 1689-1699.

47.X.X.Yu, Q. N. Shang, X. F. Liu, et al., “Donor NKG2C Homozygosity
Contributes to CMV Clearance After Haploidentical Transplantation,”
JCI Insight 7, no. 3 (2022): €149120.

48. P. Bruhns, B. Iannascoli, P. England, et al., “Specificity and Affin-
ity of Human Fcgamma Receptors and Their Polymorphic Variants for
Human IgG Subclasses,” Blood 113, no. 16 (2009): 3716-3725.

49, A. K. Moesta, P. J. Norman, M. Yawata, N. Yawata, M. Gleimer, and
P. Parham, “Synergistic Polymorphism at Two Positions Distal to the
Ligand-Binding Site Makes KIR2DL2 a Stronger Receptor for HLA-C
Than KIR2DL3,” Journal of Immunology 180, no. 6 (2008): 3969-3979.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

11 of 11

85UB01 SUOWIWOD SARER.D 3|01 jdde U Aq peuLBA0b afe Sepile YO (88N JO S3|n Joj A%eIgIT 8UIIUO A3]IM UO (SUORIPUOD-PUR-SLLRYWOY B | 1M AReIq1fBu1juO//SAIY) SUORIPUOD PUe SWB | 8U) 89S *[5Z02/60/€2] U0 AriqITauUlUO AB]IM ‘(PepILES 8P OLBISIUIIA) LOSIAOLY [UONEN BURIUO0D SIS AQ 79/ ST URYTTTT OT/I0p/U00" A3 ARe1q 1 Ul |UO//SNY WO} POPEOIUMOQ ‘G ‘¥Z0C ‘0TEZ6S0C



	NKG2C Sequence Polymorphism Modulates the Expansion of Adaptive NK Cells in Response to Human CMV
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Subjects and Samples
	2.2   |   Assessment of NKG2C+ Adaptive NK-Cells by Flow Cytometry
	2.3   |   Estimation of the Relative Abundance of NKG2C-Allele RNA in Heterozygotes

	3   |   Results
	3.1   |   Analysis of Association Between NKG2C Polymorphism and Adaptive NK-Cell Expansions in Healthy Individuals
	3.1.1   |   Distribution of NKG2C+A− NK Cell Percentages in Healthy Donors
	3.1.2   |   Frequency of NKG2C+A− NK Cells According to NKG2C Copy Number and Extended Haplotypes
	3.1.3   |   Separate Analysis of NKG2C Regions: The Coding Sequence
	3.1.4   |   Separate Analysis of NKG2C Regions: Polymorphisms in 5′ and 3′ Non-Coding Sequences
	3.1.5   |   NKG2C Genotype and Surface Expression Levels on NK Cells

	3.2   |   Relative Abundance of NKG2C Alleles mRNA

	4   |   Discussion
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


