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Abstract: NK cells play a decisive role in controlling hCMV infection by combining innate and
adaptive-like immune reactions. The hCMV-derived VMAPRTLFL (LFL) peptide is a potent activator
of NKG2C+ NK cells. Proposed here is an autologous system of LFL stimulation without T lympho-
cytes and exogenous cytokines that allows us to evaluate NK-cell hCMV-specific responses in more
native settings. In this model, we evaluated LFL-induced IFNγ production, focusing on signaling
pathways and the degranulation and proliferation of NK cells orchestrated by microenvironment
cytokine production and analyzed the transcriptome of expanded NK cells. NK cells of individuals
having high anti-hCMV-IgG levels, in contrast to NK cells of hCMV-seronegative and low-positive
donors, displayed increased IFNγ production and degranulation and activation levels and enhanced
proliferation upon LFL stimulation. Cytokine profiles of these LFL-stimulated cultures demonstrated
a proinflammatory shift. LFL-induced NK-cell IFNγ production was dependent on the PI3K and
Ras/Raf/Mek signaling pathways, independently of cytokines. In hCMV-seropositive individuals,
this model allowed obtaining NK-cell antigen-specific populations proliferating in response to LFL.
The transcriptomic profile of these expanded NK cells showed increased adaptive gene expression
and metabolic activation. The results complement the existing knowledge about hCMV-specific
NK-cell response. This model may be further exploited for the identification and characterization of
antigen-specific NK cells.

Keywords: memory NK cells; hCMV; NKG2C; HLA-E; cytokines; IFNγ; ERK1/2; RNAseq

1. Introduction

Natural killer (NK) cells are traditionally considered to be innate immune cells with
antigen-independent immune response. This response is characterized by a balance of
signals coming from inhibitory and activating NK-cell receptors, including those that
recognize “self” molecules of the human leukocyte antigen (HLA-I) [1]. However, recently,
increasing attention has been paid to NK cell subsets that exhibit properties typical for
adaptive immunity such as antigen specificity and the ability to form long-lived memory
cells characterized by rapid and intense responses upon repeated encounter with the
pathogen [2]. The most well-known example comprises memory NK cells associated with
human cytomegalovirus (hCMV) infection.

The cytomegalovirus is widespread among adults, and by an older age, the proportion
of infected people in certain populations can exceed 90% [3]. hCMV is known to persist in
the body life-long by having a latent or non-productive infection program and utilizing
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various immune evasion strategies [4]. For instance, the hCMV UL40 signal peptide is able
to be loaded onto HLA-E and stabilize the expression of this molecule on the surfaces of
infected cells [5]. This allows the cells to avoid not only elimination by CD8+ cytotoxic
T cells by downregulating HLA class-I (HLA-I) expression (which is particularly imple-
mented through the expression of proteins blocking the peptide transporter TAP) [6–8] and
recognition by CD4+ T cells by downregulating HLA-II [9] but also elimination by NK cells
expressing NKG2A [5]. The HLA-E molecule loaded with a viral peptide serves as a ligand
for this inhibitory receptor, which suppresses the antiviral activity of NK cells [5,10,11].
The polymorphism in the UL40 protein provides at least 41 different peptides stabilizing
HLA-E [12–18]. Of those peptides, the VMAPRTLFL (LFL) peptide presented in HLA-E,
has been shown to better activate NK cells than other tested peptides through interaction
with the activating receptor NKG2C [12,13]. Apart from being found in hCMV, LFL is
an HLA-G leader peptide, the presentation of which has been shown to inhibit NK-cell
response through NKG2A [19]. The affinity of peptide-loaded HLA-E and NKG2C bind-
ing is ~6-fold lower compared to HLA-E/NKG2A binding [19–21]. Nevertheless, hCMV
promotes the formation of a pool of hCMV-specific NKG2C+ NK cells by interacting with
HLA-E [22,23].

Accumulated clonal adaptive-like NKG2C+ NK cells also express the carbohydrate
antigen CD57, which indicates a high degree of their differentiation, and inhibitory killer cell
immunoglobulin-like receptors (KIRs), along with the absence of NKG2A expression [24,25],
which positions them as missing self-controllers, checking for the presence of classic HLA-
I in the context of seemingly normal HLA-E levels. Such NKG2C+ NK cells, as more
differentiated NK cells, are part of the CD56dim subset. They also demonstrate increased
levels of HLA-DR typical for activated lymphocytes [25,26]. The data about the functional
activity of NKG2C+ NK cells have varied in different studies. The cytokine-induced
IFNγ production of NKG2C+ NK cells are lower than in NKG2C− NK cells while the
ADCC degranulation has exhibited reverse associations [27]. Further studies revealed an
increase in the degranulation potential and IFNγ production in response to the LFL peptide
presented in K562-HLA-E and RMA-S-HLA-E [12,21].

The IFNγ production of NK cells is primarily induced by the activation of the JAK/STAT
signaling pathways after the stimulation of cytokine receptors [28]. The stimulation of NK
cells with IL-12 and IL-18 is widely used to assess IFNγ production [27,29]. Additionally, the
measurement of IFNγ production is applied in peptide stimulation experiments [12,21,30].
The signaling pathways mediated by non-cytokine activating receptors depend on the
adapter proteins. The NKG2C receptor is associated with DAP12 [31], which transmits
activating signals through the PI3K and Ras/Raf/Mek pathways [32]. However, the di-
rect involvement of those pathways in IFNγ production by NKG2C+ NK cells has not
been clarified.

Different approaches are currently used to induce the activation and proliferation of
NK cells in vitro, most of which involve cytokine stimulation, at least in minimal concen-
trations [33]. The activity of NK cells can be significantly enhanced by cytokines such as
IL-2, IL-12, IL-15, IL-18, and IL-21 [33,34]. While IL-12 and IL-18 are actively produced
by antigen-presenting cells in the early stages of inflammation [35,36], IL-2 and IL-21 are
produced by T cells during the development of adaptive reactions promoting the produc-
tion of molecules associated with cytotoxic activity (granzyme B, perforin) [37] and IFNγ

production [38]. An essential role of IL-12, but not IL-15 or IL-18, in the development
of NKG2C+ NK cells was shown in a model of hCMV-infected MRC-5 fibroblasts [39].
Commonly, cell lines such as K562-HLA-E, MRC-5, RMA-S/HLA-E [13,39,40], or soluble
HLA-E single-chain trimers [41] are used to model antigen presentation. The usage of cell
lines and activating cytokines upon the investigation of NK-cell response in vitro could
confound the readout. The ability of NK cells to react to particular peptides, presented on
autologous cells without additional exogenous stimulation, remains unknown.

In this work, we approximated the approach to identify hCMV-specific NK cells in an
autologous cell in vitro system that is closer to the in vivo conditions. Antigen-presenting
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cells within the T-cell-depleted mononuclear cell (CD3negPBMC) population used in this
system can effectively present exogenous peptides in the HLA-E context. We directly
showed that the mere addition of the VMAPRTLFL peptide to CD3negPBMC from hCMV
highly seropositive individuals in the absence of co-stimulation with exogenous cytokines
induced IFNγ production and the degranulation and proliferation of NK cells in contrast
to the group of donors with an absence or low titer of hCMV-specific IgG. These NK cell
activation events were accompanied by changing the profile of cytokines endogenously
produced in the culture, including IL-12 and IL-10. Furthermore, we analyzed the signaling
pathways involved in LFL-induced IFNγ production in this system and performed a
transcriptome analysis of highly proliferated NK cells.

2. Materials and Methods
2.1. Samples

For the experimental work, peripheral blood samples were obtained from healthy
volunteers: 34 donors aged from 22 to 65 years. hCMV-specific IgG titers were deter-
mined via enzyme-linked immunosorbent assay using a commercial kit (Vector-Best,
Novosibirsk, Russia).

2.2. Obtaining of Immune Cells

Peripheral blood mononuclear cells (PBMCs) were obtained via gradient centrifugation
with Ficoll. PBMCs underwent the positive magnetic separation of CD3+ cells to obtain
CD3negPBMC (RWD Life Science Co., Shenzhen, China). The resulting CD3negPBMCs were
cultured in a medium based on NK-MACS Medium (Miltenyi Biotec, Bergisch Gladbach,
Germany) and DMEM (PanEco, Moscow, Russia) in a 1:1 ratio, supplemented with 2 mM
L-glutamine, 1 mM sodium pyruvate, 10% fetal bovine serum (FBS, HyClone, Logan, UT,
USA), and 1% antibiotic (Antibiotic-Antimycotic Solution, Corning, NY, USA). Cells were
cultured in a 96-well round-bottom plate in concentration of 2.5 million cells per mL in a
CO2 incubator at 37 ◦C.

2.3. Peptide Synthesis

Solid-phase syntheses of peptides VMAPRTLFL and VMAPQSLLL (LFL and LLL,
respectively) [12] were carried out using a custom-made automated parallel peptide syn-
thesizer based on the Gilsonon Gilson liquid handler. Fmoc strategy with HATU/DIPEA
(GL Biochem Shanghai, China) activation was applied. The C-terminal amino acid was
attached to the 2-chlorotrityl chloride-activated resin in the presence of DIPEA for 2 h.
After that, all residues were coupled automatically via the following cycled procedure: PIP
(30% solution in NMP, 25 mL for 1 g of resin), 2 × 10 min; DMF (20 mL for 1 g of resin),
5 × 5 min; Fmoc-AA(PG)-OH (8 eq., 0.5 M solution in NMP)/HATU (8 eq., 0.5 M solution
in NMP)/DIPEA (16 eq.), 40 min; and DMF (25 mL for 1 g of resin), 5 × 5 min. After
the synthesis was completed, the resin was washed with MeOH (30 mL for 1 g of resin,
5 × 5 min) and dried under reduced pressure. The following reagents were used—TIS
(Iris Biotech, Marktredwitz, Germany), 4-methylpiperidine (Mosinter Chemicals, Zhejiang,
China), trifluoroacetic acid (Solvay S.A., Brussels, Belgium), and acetonitrile (gradient-
grade, Biosolve, Dieuze, France). DCM was dried over CaH2 and refluxed before use. All
other reagents and solvents were purchased from local manufacturers and used without
further purification.

For final deprotection of the peptide, a standard cleavage mixture was used
(TFA/DTT/H2O/TIS 89/5/5/1). Dry peptidyl resin was suspended in the cleavage mix-
ture (15 mL for 1 g of resin) and was shaken for 2 h. After the filtration of the resin,
diethyl ether (tenfold excess corresponding to the cleavage mixture volume) was added
and suspension was left to stand at −20 ◦C for a couple of hours, then centrifuged, washed
3 times with diethyl, and dried under reduced pressure. The structure of the peptide was
confirmed through mass spectrometric analysis using the Dionex UltiMate 3000 HPLC
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chromatographic system (Thermo Scientific, Waltham, MA, USA) and an LTQ-Orbitrap
Velos mass spectrometer (Thermo Scientific, Waltham, MA, USA).

Next, the peptides were diluted in water and used for experiments at a final concen-
tration of 300 µM. The peptides were tested to induce the surface expression of HLA-E.
CD3negPBMCs were incubated with the LFL/LLL peptide or without peptides for 6 h. After
the incubation, surface staining was conducted using fluorescently labeled monoclonal
antibodies CD3-FITC (Beckman Coulter, Brea, CA, USA), HLA-E-PE, CD14-PE-Vio770, and
CD56-APC (Miltenyi Biotec, Bergisch Gladbach, Germany).

2.4. Functional Tests

Cytometric measurement of intracellular IFNγ levels in NK cells was performed in two
replicates for each donor. CD3negPBMCs were incubated with the LFL/LLL peptide or with-
out peptides for 6 h with brefeldin A. The positive control was obtained after the incubation
with IL-12 (10 ng/mL) and IL-18 (20 ng/mL). After the incubation, surface staining was con-
ducted using fluorescently labeled monoclonal antibodies CD56-Brilliant Violet 421 (Sony,
San Jose, CA, USA), CD3-PE-Vio770, CD57-APC-Vio770, NKG2C-APC, and KIR2DL2/DL3-
PE (Miltenyi Biotec, Bergisch Gladbach, Germany). A cell fixation/permeabilization kit
(internal staining kit, Miltenyi Biotec, Bergisch Gladbach, Germany) was then used, fol-
lowed by staining with anti-IFNγ antibodies (IFNγ-FITC, Miltenyi Biotec, Bergisch Glad-
bach, Germany).

The level of NK cell degranulation was analyzed in two replicates for each donor
after a 16 h incubation with the LFL peptide by assessing the lysosomal marker LAMP-1
(CD107a). Brefeldin A and CD107a-PE-Cy5 antibody (Sony, San Jose, CA, USA) were added
6 h before the measurement. After the incubation, the surface staining was conducted with
previously specified antibodies and HLA-DR-FITC antibody (Miltenyi Biotec, Bergisch
Gladbach, Germany).

Samples were analyzed using the MACSQuant 10 flow cytometer (Miltenyi Biotec,
Bergisch Gladbach, Germany) equipped with lasers λ = 405, λ = 488, and λ = 635 nm.

2.5. Inhibition of NK Cells with Transcription Factor Inhibitors

The following transcription factor inhibitors were used: fludarabine phosphate (Sigma-
Aldrich, St. Louis, MO, USA)—STAT1 inhibitor, FR 180204 (Sigma-Aldrich, St. Louis, MO,
USA)—ERK1/2 inhibitor, LY-294, 002 hydrochloride (Sigma-Aldrich, St. Louis, MO, USA),
and cryptotanshinone (Tocris Bioscience, Bristol, UK)—STAT3 inhibitor. All substances
were diluted in DMSO (AppliChem, Darmstadt, Germany) to the following concentrations:
fludarabine phosphate—0.1, 1, and 10 µg/mL; FR 180204—0.5, 5, and 50 µg/mL; LY-294,
002 hydrochloride—0.1, 1, and 10 µg/mL, cryptotanshinone—0.1, 1, and 10 µg/mL. The
titration of inhibitors was performed. Next, inhibitors were added to freshly isolated
CD3negPBMC in the presence of the LFL peptide. After 6 h, NK cells were labeled with
fluorescent antibodies for the following intracellular IFNγ assay.

2.6. Cytokine Measurements

CD3negPBMCs were incubated in a complete medium with the LFL peptide for 12 h.
The supernatants were extracted and assessed via flow cytometry for the production
of 12 soluble cytokines in one sample (GM-CSF, IFN-α, IFN-γ, IL-2, IL-4, IL-5, IL-6, IL-
9, IL-10, IL-12p70, IL-17A, and TNF-α) using the MACSPlex Cytokine 12 fluorescent
bead kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s
instructions.

2.7. Proliferation Test

Freshly isolated CD3negPBMCs were stained with 5 µM CFSE (Molecular Probes,
Eugene, OR, USA) in 100 µL of PBS (PanEco, Moscow, Russia) and subsequently incubated
for 15 min at 37 ◦C and protected from light. CD3negPBMCs were washed three times in
RPMI-1640 (PanEco, Moscow, Russia) supplemented with 10% FBS (Hyclone, Logan, UT,
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USA). CFSEhigh CD3negPBMCs were cultivated in two replicates for each donor for 7 days
in medium. The changing of medium was conducted on the 4th day of cultivation. The
control samples were cultivated without any stimulation while other samples had LFL
added at 0th and 4th days. To exclude the analysis of dead cells, the dye Sytox-VioBlue
(Invitrogen, Burlington, ON, USA) was used.

2.8. CFSElow NK Cells Cultivation and Collection for RNA Sequencing

Highly proliferating NK cells (CFSElowCD56+CD3−Sytox−), after 7 days of stimulation
with the LFL peptide, were isolated in some experiments using cell sorting on a FACSVan-
tage DiVa (Beckton Dickinson, Franklin Lakes, NJ, USA) and placed in a 96-well plate of
100 cells each for further cultivation. Those cells were stimulated with IL-2 (Hoffmann
La-Roche, Basel, Switzerland) at 100 units/mL and K562 feeder cells expressing membrane-
bound IL-21 (K562-mbIL21) [42]. The expansion rates of those cells were assessed 10 days
after sorting. Before restimulation, NK cells were incubated in a medium without IL-2 for
24 h. Then CD3negPBMCs of the same donor as NK cells were thawed and stained with
CFSE to distinguish these cells in the following cytometric assays. CFSEhighCD3negPBMCs
were incubated with LFL/LLL without any peptide for 2 h; then, they were added to NK
cells (1:2 ratio) for 6 and 16 h to perform IFNγ and degranulation assays, respectively.

Highly proliferating NK cells (CFSElowCD56+CD3−Sytox−) of donor 32, in 3 replicates,
were collected in the RLT lysis buffer (QIAGEN, Hilden, Germany) for the RNA sequencing.

2.9. RNA Preparation and Sequencing

Total RNA was extracted from collected samples with TRIzol (Invitrogen, Carlsbad,
CA, USA). Treatment with DNase was performed to avoid contamination by genomic DNA
(Thermo Fisher Scientific, Waltham, MA, USA). The following conversion of total RNA
into cDNA was performed using NebNext Single Cell/Low Input RNA Library Prep Kit
for Illumina (New England Biolabs, Ipswich, MA, USA) according to the manufacturer’s
instructions. Adaptor ligation and addition of indexes were conducted using NEBNext
Multiplex Oligos for Illumina (New England Biolabs, Ipswich, MA, USA). The final average
fragment size was 300 bases. Each library was then subjected to paired-end sequencing
on Illumina NovaSeq6000 by the Genomic Core Facility of Skolkovo Institute of Science
and Technology.

2.10. Sequence Analysis

Paired-end RNA-sequencing reads were aligned to the human reference genome
(hgGRCh38/ensembl.org) with subsequent unique-gene hit-count calculation using
Kallisto [43]. DESeq2 was used to analyze the data and perform a differential expres-
sion assay [44]. Genes with an absolute log2- fold change (LFC) > 0.58 and Padj < 0.2 were
considered as differentially expressed genes (DEGs) for each comparison. Enrichment anal-
ysis was performed using Gene ontology (GO) analysis from clusterProfiler package. GSEA
was run using the gseGO function with p-adjusted values obtained via Benjamini–Hochberg
method [45].

2.11. Statistical Analysis

Data were analyzed using Microsoft Excel, FlowJo (FlowJo X, OR, Ashland, USA), and
GraphPad Prism (version 8.4.3, GraphPadSoftware, Boston, MA, USA). Figures represent
means ± standard deviations; statistical analysis was performed using Wilcoxon test for
paired nonparametric samples unless otherwise stated. A p value < 0.05 was considered
statistically significant.
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3. Results
3.1. Two Groups of Donors May Be Identified Based on the Cluster Analysis of IgG Serum Level
and Surface Marker Expression

Surface expression levels of NKG2C, HLA-DR, CD57, and KIR2DL2/DL3 in NK
cells were analyzed in PBMC samples obtained from 34 healthy adult volunteers via flow
cytometry. NK cells were gated as CD56+CD3− cells. The hCMV serological status was
determined. Pre-log normalized data on anti-hCMV IgG antibody titers together with
the proportions of the NKG2C-, HLA-DR-, CD57-, and KIR2DL2/DL3-expressing NK
cells were used for clustered heatmap analysis with hierarchical relationships between
samples in order to divide the donors into groups. Two major clusters were identified
in the analyzed donor cohort (Figure 1A) based on the serum levels of anti-hCMV IgG
antibodies and proportions of surface markers according to hierarchical clustering. The first
cluster, characterized by high and medium titers of IgG-hCMV antibodies, was designated
as hCMVhigh. The second cluster corresponded to the hCMV-seronegative status, together
with the low hCMV seropositivity of donors (Figure 1A,B).

Figure 1. Cont.
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Figure 1. Cluster analysis of NK cell phenotype based on hCMV-specific IgG serum levels. (A) Hier-
archical clustering of log-normalized anti-HCMV IgG titers and percentages of HLA-DR+, NKG2C+,
CD57+, and KIR2DL2/DL3+ NK cells for 34 individuals using a heatmap. Two discrete sample-level
clusters are depicted. (B) Anti-hCMV IgG antibody titers in units/mL. (C) Gating scheme of cytomet-
ric analysis of NK cells in CD3negPBMC samples, presented as pseudocolures (colors corresponds
to the density). (D) Representative cytometric data on HLA-E surface expression without and after
stimulation with LLL/LFL on monocytes (CD14+). (E) Comparison of HLA-E surface expression on
monocytes in control samples and samples stimulated with LLL or LFL (n = 4). The color of the boxes
corresponds to the stimulation conditions, where gray—no stimulation, light yellow—stimulation
with the LFL peptide (VMAPRTLFL), and light purple—stimulation with LLL peptide (VMAPQS-
LLL). Data are presented as means ± SDs. The paired Wilcoxon test was used to analyze the data
(B), and the One-way ANOVA was used for multiple comparisons (E). * p < 0.05, ** p < 0.01, and
**** p < 0.0001.
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The ability of CD3negPBMC to present peptides was analyzed in a preliminary study.
Spontaneous HLA-E expression was observed on the surfaces of monocytes in
CD3negPBMCs whereas NK cells almost did not express HLA-E at detectable levels
(Figure 1D,E, Supplementary Figure S1). Both peptides, LFL and LLL, increased HLA-E
levels in monocytes and induced the HLA-E surface expression in NK cells, although to a
lower level compared to monocytes. The addition of LFL led to higher HLA-E levels in
both monocytes and NK cells compared to LLL (Figure 1D,E, Supplementary Figure S1).

3.2. IFNγ Production Induced in NK Cells from hCMVhigh Group by the LFL Peptide Depends on
the NKG2C Level

To identify the differences in the responses of NK cells to LFL depending on the
hCMV serological statuses of individuals, the levels of IFNγ-producing NK cells in two
donor groups were measured. Since NKG2C+ T cells are also able to interact with the LFL
peptide [46], we evaluated intracellular IFNγ production by NK cells in CD3negPBMCs
upon stimulation with the LFL peptide for 6 h without any exogenous addition of cytokines.
Even though CD56bright NK cells are involved in cytokine production, we observed a domi-
nant IFNγ production in the CD56dim NK cell subpopulation (Figure 2A, Supplementary
Figure S2A). Due to the minimal or absent involvement of CD56bright NK cells in IFNγ

production in response to LFL, we determined the IFNγ production in the total population
of NK cells. The gating scheme is presented in Figure 1C. NK cells from the hCMVhigh

group showed a statistically significant increase in IFNγ production upon the addition of
the LFL peptide (Figure 2A,B). In contrast, NK cells from the hCMVlow group did not show
statistically significant changes in IFNγ production after the addition of LFL compared
to control samples that were not stimulated (Figure 2A,B). Additional experiments were
conducted in order to analyze the IFNγ production by NK cells of hCMVhigh individuals,
where the inactive peptide VMAPQSLLL (LLL) was used as a biological control. The
addition of LLL did not result in an increase in IFNγ production by NK cells (Figure 2C)
compared to unstimulated controls. Thus, the LFL peptide in the absence of exogenous cy-
tokine stimulation and endogenous stimulation by CD3+ cells induced the IFNγ production
by NK cells in the hCMVhigh donor group.

A positive correlation was found between the proportions of NKG2C+ NK cells and
NK-cell IFNγ production levels in samples stimulated with the LFL peptide (Figure 2D).
A slightly weaker but significant positive correlation was revealed between the proportions
of CD57+ and IFNγ+ NK cells, but only in the hCMVhigh group (Supplementary Figure
S2B). No association between IFNγ production and the proportion of KIR2DL2/DL3+ NK
cells was identified (Supplementary Figure S2C). In the analysis of the NK cell surface
markers, a decrease in the proportion of NKG2C+ NK cells was observed after cultivation in
the presence of LFL (Figure 2E). Interestingly, the group of hCMVlow individuals revealed
the same decrease in the proportion of NKG2C+ NK cells (Figure 2E).

Next, we performed an analysis of the ability of different NK cell subsets to produce
IFNγ in response to LFL. NKG2C+ NK cells produced significantly more IFNγ compared
to NKG2C− NK cells in the hCMVhigh group (Figure 2F). The hCMVlow group also showed
slightly higher IFNγ production by NKG2C+ NK cells in response to LFL; however, half
of the donors had similar IFNγ production when comparing NKG2C+ and NKG2C− NK
cells. Supposedly, the minor increase in IFNγ production was mediated by the NK cell
reactions of donors with low hCMV seropositivity (Supplementary Figure S2D). Higher
IFNγ production levels were also observed in the CD57+ and KIR2DL2/DL3+ NK cell
subsets compared to their negative counterparts in the hCMVhigh group (Figure 2G,H).
However, in some individuals from this group, NK cells oppositely displayed a de-
creased IFNγ-producing cell proportion among the KIR2DL2/DL3+ subset compared
to the KIR2DL2/DL3-negative cells. In accordance with the higher and lower IFNγ pro-
duction levels in the KIR2DL2/DL3+ subset, the samples were divided into additional
subgroups 1 and 2, correspondingly. Subgroup 1 showed significantly lower proportions of
IFNγ-producing cells in more differentiated CD57+ NK cells, and subgroup 2, in contrast,
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was characterized by higher IFNγ production levels in these mature CD57+ NK cells, in
comparison with the KIR2DL2/DL3-positive cell subset (Supplementary Figure S2E). At
the same time, no differences were found in the proportions of NKG2C-, KIR2DL2/DL3-,
and CD57-expressing NK cells between those subgroups (Supplementary Figure S2F).

Since NKG2C+-adaptive NK cells are typically highly differentiated cells (CD57+

cells) [25,47], the proportion of IFNγ-producing cells was compared, in this NKG2C+CD57+

subset, between KIR2DL2/DL3+ and KIR2DL2/DL3− NK cells. We observed an increased
IFNγ production level in CD57+NKG2C+KIR2DL2/DL3+ NK cells (Figure 2I). Thus, in
individuals with mostly more pronounced B-cell hCMV-specific responses (hCMVhigh), the
IFNγ production response to the LFL peptide was largely confined to NKG2C+ NK cells,
which partly represented the highly differentiated CD57+KIR-expressing NK cell subset.
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with LFL in the hCMVhigh group (n = 20). The colors of the symbols correspond to the groups, 
wherein green is hCMVlow and red is hCMVhigh. The colors of the boxes correspond to the stimulation 

Figure 2. IFNγ production by NK cells upon stimulation with the LFL peptide. (A) Representa-
tive cytometric data on IFNγ production levels in samples of one hCMVhigh and one hCMVlow

donor without and after stimulation with LFL in total population of NK cells and in NKG2C+ NK
cells. (B) Comparison of NK-cell IFNγ production in control (unstimulated) samples and samples
stimulated with LFL for hCMVhigh (n = 20) and hCMVlow (n = 14) donor groups. (C) Comparison of
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NK-cell IFNγ production in control samples and samples stimulated with LLL or LFL in a group
of hCMVhigh donors (n = 11) and positive controls stimulated with IL-12 and IL-18 (n = 6). (D)
Spearman correlation analysis of NKG2C expression and IFNγ production in NK cells stimulated
with LFL in all studied donors, presented using a nonlinear regression model (n = 34). (E) The
proportion of NKG2C+ NK cells in control samples and samples stimulated with LFL in hCMVhigh (n
= 20) and hCMVlow (n = 13) donors. (F) Comparison of IFNγ production in NKG2C+ and NKG2C−

NK cells in samples stimulated with LFL in the hCMVhigh group (n = 20). (G) Comparison of
IFNγ production by CD57+ and CD57− NK cells in samples stimulated with LFL in the hCMVhigh

group (n = 20). (H) Comparison of IFNγ production by KIR2DL2/DL3+ and KIR2DL2/DL3− NK
cells in samples stimulated with LFL in the hCMVhigh group (n = 20). (I) Comparison of IFNγ

production by CD57+NKG2C+KIR2DL2/DL3− and CD57+NKG2C+KIR2DL2/DL3+ NK cells in
samples stimulated with LFL in the hCMVhigh group (n = 20). The colors of the symbols correspond
to the groups, wherein green is hCMVlow and red is hCMVhigh. The colors of the boxes correspond
to the stimulation conditions, wherein gray—no stimulation, light yellow—stimulation with the
LFL peptide (VMAPRTLFL), light purple—stimulation with LLL peptide (VMAPQSLLL), and pink—
positive control IL-2 + IL-18. Data are presented as mean values with lines connecting symbols
for each donor. Each symbol represents the mean of two replicates. The paired Wilcoxon test was
used to analyze the data, and the Friedman paired test was used for multiple comparisons. Ns (not
significant) p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3.3. ERK1/2 and PI3K Are Directly Involved in the IFNγ Production by NK Cells in Response to
the LFL Peptide in the CD3negPBMC In Vitro System

To assess signaling pathways involved in NK-cell IFNγ production in response to
the LFL peptide in the used autologous model, we performed a series of NK cell activa-
tion experiments in the presence of selective inhibitors of STAT1 (Fludorabine), STAT3
(Cryptotanshinone), ERK1/2 (FR180204), and PI3K (LY-294,002 hydrochloride). The con-
centrations of the inhibitors were tested based on literature recommendations [48,49] and
preliminary experiments. The following inhibitor concentrations were selected as working
concentrations for the following experiments: 1 µg/mL for fludarabine phosphate and
cryptotanshinone, 10 µg/mL for LY-294,002 hydrochloride, and 5 µg/mL for FR180204
(Figure 3A).

To study the signaling pathways involved in NK-cell IFNγ production induced by
LFL, we have chosen seven donors from the hCMVhigh group, which showed the most
significant increase in IFNγ levels after the incubation with LFL (Figure 2B).

The addition of the ERK1/2 inhibitor resulted in a significant decrease in IFNγ pro-
duction induced by LFL, and there was no difference between unstimulated samples
and LFL-stimulated samples treated with the inhibitor (Figure 3B). Thus, the activation
of the Ras/Raf/Mek/ERK1/2 signaling pathway is required for the LFL-induced IFNγ

production by NK cells in this system.
The PI3K inhibitor led to a decrease in the NK-cell IFNγ production in response to

the LFL peptide; however, still, the level of IFNγ in the presence of the inhibitor was
higher than in control samples (Figure 3B). This indicates that in these settings, some other
compensatory mechanisms may still activate IFNγ production, but at a lower level than
with functional PI3K.

The addition of fludarabine, the inhibitor of the transcription factor STAT1, signifi-
cantly increased the IFNγ production by NK cells compared to both unstimulated samples
and those stimulated with the LFL peptide (Figure 3B). Presumably, the inhibition of the
JAK1-STAT1 signaling pathway may affect the IFNγ production by NK cells by involving
compensatory pathways, for example, Ras/Raf/Mek/ERK1/2.

The STAT3 inhibitor cryptotanshinone did not cause a significant inhibition of IFNγ

production in NK cells stimulated with LFL (Figure 3B). Furthermore, the simultaneous
addition of both inhibitors of STAT1 and STAT3 had no effects on IFNγ production by NK
cells in response to LFL (Supplementary Figure S3). The absence of an inhibitory effect
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indicates that the JAK1/3-STAT1/3 signaling pathway is not involved in the IFNγ response
of NK cells to the LFL peptide in these settings.
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in samples interacting with the peptide compared to the control while the CD56dim NK cell 
analysis of the hCMVlow group revealed no increase in HLA-DR expression after incuba-
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Figure 3. Analysis of the participation of intracellular signaling molecules in NK-cell IFNγ pro-
duction induced by the LFL peptide. (A) Titration of the ERK1/2 (FR180204), PI3K (LY-294,002
hydrochloride), STAT1 (Fludorabine), and STAT3 (Cryptotanshinone) inhibitors for determining
the working concentrations (n = 3). The red circles represent the chosen inhibitors concentrations.
(B) Effects of ERK1/2 (FR180204), PI3K (LY-294,002 hydrochloride), STAT1 (Fludorabine), and STAT3
(Cryptotanshinone) inhibitors at the concentrations indicated in (A) on the level of IFNγ production
in NK cells of hCMVhigh donors (n = 7). Data are presented as mean values with lines connecting
symbols for each donor. Each symbol represents the mean of two replicates. The paired Friedman
statistical test was used to analyze the data. Ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001.

3.4. NK Cell Degranulation and Activation Is Increased in Response to the LFL Peptide

To examine whether the LFL peptide presented by autologous cells induces NK cell
degranulation, CD3negPBMC samples were stimulated with LFL for 16 h without exogenous
cytokines. The expression levels of CD107a and HLA-DR were detected in both CD56bright

and CD56dim NK cells (Figure 4A,C); therefore, to minimize the effect in less differentiated
NK cells, we determined the degranulation and activation levels in CD56dim NK cells alone.
The gating strategy is depicted in Figure 1C. CD56dim NK cells from the hCMVhigh group
exhibited a statistically significant increase in the level of degranulation in response to the
LFL peptide (Figure 4A,B). CD56dim NK cells from the hCMVlow group incubated with
LFL showed no significant changes in the level of degranulation compared to unstimulated
controls (Figure 4A,B). In addition to functional tests, we analyzed changes in the proportion
of HLA-DR+ after LFL stimulation in the CD56dim NK cell subpopulation. HLA-DR surface
expression in CD56dim NK cells is usually associated with their activation [50]. NK cells
from the hCMVhigh group were activated to a greater extent in samples interacting with
the peptide compared to the control while the CD56dim NK cell analysis of the hCMVlow

group revealed no increase in HLA-DR expression after incubation with the LFL peptide
(Figure 4C,D). Thus, the addition of the LFL peptide to the autologous cell system resulted
in the degranulation and activation of CD56dim NK cells of donors with moderate and high
levels of hCMV-specific IgG.
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Figure 4. Degranulation and activation of NK cells in response to LFL. (A) Representative cytometric
data on the CD107a surface levels in NK cells in samples of one hCMVhigh and one hCMVlow donor
without and after stimulation with LFL. (B) Comparison of the CD56dim NK cell degranulation levels
in control samples and in samples stimulated with LFL in hCMVhigh (n = 16) and hCMVlow donors
(n = 11). (C) Representative cytometric data on HLA-DR expression level in samples of one hCMVhigh

and one hCMVlow donor without stimulation and after stimulation with LFL. (D) Comparison of
CD56dim NK cell activation levels in control and samples stimulated with LFL in hCMVhigh (n = 16)
and hCMVlow donors (n = 11). (E) Spearman correlation analysis of KIR2DL2/DL3 expression
and level of HLA-DR expression by CD56dim NK cells stimulated with LFL in all studied groups,
presented using a nonlinear regression model (n = 27). (F) Comparison of CD107a expression in CD57+

and CD57− CD56dim NK cell subsets in samples stimulated with LFL in hCMVhigh group (n = 16).
(G) Comparison of HLA-DR expression by NKG2C+ and NKG2C− CD56dim NK cells in samples
with stimulated LFL in hCMVhigh group (n = 16). (H) Comparison of HLA-DR expression in CD57+

and CD57− CD56dim NK cell subsets in samples stimulated with LFL in hCMVhigh group (n = 16).
The colors of the symbols correspond to the groups, wherein green is hCMVlow and red is hCMVhigh.
The colors of the boxes correspond to stimulation conditions, wherein gray—no stimulation and light
yellow—stimulation with the LFL peptide (VMAPRTLFL). Data are presented as mean values with
lines connecting symbols for each donor. Each symbol represents the mean of two replicates. The
paired Wilcoxon statistical test was used to analyze the data. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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No relationships between the proportion of CD107+ CD56dim NK cells and percent-
ages of NK cells expressing NKG2C, CD57, or KIR2DL2/DL3 were found (Supplementary
Figure S4A), and a positive correlation between HLA-DR+ and KIR2DL2/DL3+ NK cell pro-
portions was observed only in the hCMVlow group (Figure 4E). No associations were found
for the proportions of HLA-DR+ cells and NKG2C+ or CD57+ NK cells (Supplementary
Figure S4B).

Using multicolor flow cytometry, we have estimated degranulation in response to
the LFL peptide in several CD56dim NK cell subsets. In contrast to the IFNγ production
assay, in the degranulation test, the CD57− CD56dim NK cells were more functionally
active and displayed higher degranulation levels compared to CD57+ CD56dim NK cells
(Figure 4F). Interestingly, the percentages of CD107a+ NK cells were similar between
NKG2C+ and NKG2C− NK cells as well as between KIR2DL2/DL3+ and KIR2DL2/DL3−

cells in the CD56dim NK cell subpopulation, and especially in the NKG2C+CD57+ subset
(Supplementary Figure S4C–F), while the activation level (percentage of HLA-DR+ cells),
similar to the IFNγ production level, was higher in NKG2C+ NK cells than in NKG2C−

NK cells in hCMVhigh donors (Figure 4G, Supplementary Figure S4G). The CD57− NK
cells were more activated than the CD57+ NK cells (Figure 4H). The HLA-DR+ NK cell
proportions were similar in KIR2DL2/DL3+ and KIR2DL2/DL3− cells in the CD56dim

subpopulation and within the adaptive-like NKG2C+CD57+ cell subset (Supplementary
Figure S4H,I). These findings highlighted that mostly less-differentiated CD57− NK cells
degranulated in response to the VMAPRTLFL peptide presented by autologous cells
in vitro.

3.5. Cytokine Production by CD3negPBMC Influenced by the LFL Peptide in hCMVhigh Donors

In the previous sections, we have shown that incubation with the LFL peptide for
6 h resulted in the induction of IFNγ production in the NKG2C+CD57+KIR2DL2/DL3+

cell subset while the incubation for 16 h resulted in degranulation activity in CD57−

NK cells. To further investigate the phenomenon of the LFL-induced NK cell activation,
supernatants of CD3negPBMC cultures were collected after overnight incubation with LFL
and concentrations of cytokines accumulated in the supernatants were measured. For
this purpose, we randomly chose fifteen donors (nine from the hCMVhigh group and six
from the hCMVlow group). Only six out of twelve analyzed cytokines were detected in the
supernatants. The concentrations of IFNa, IL-2, IL-4, IL-5, IL-9, and IL-17A, if present, were
below the measurable threshold in all tested samples.

The incubation with LFL without any exogenous supplementation resulted in a de-
crease in the GM-CSF level in culture supernatants only in samples from hCMVhigh donors
(Figure 5A). IFNγ supernatant levels increased in the hCMVhigh donor group after the
stimulation with LFL (Figure 5B), which corresponded to the results of Section 2. In the
hCMVhigh donor group, the concentration of anti-inflammatory cytokine IL-10 was lower
in cell cultures incubated with the LFL peptide than in control samples (Figure 5C). In
contrast, proinflammatory cytokine IL-12 was accumulated in response to the LFL peptide
in hCMVhigh donors (Figure 5). The CD3negPBMC samples of hCMVhigh donors exhibited
highly variable IL-6 and TNF-α levels, and no significant difference in the production of
these cytokines between control and LFL-treated samples was observed (Figure 5E,F). In the
hCMVlow donor group, no statistically significant changes in NK-cell cytokine production
responses to the LFL stimulation were observed for all cytokines tested (Figure 5).
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green is hCMVlow and red is hCMVhigh. The colors of the boxes correspond to stimulation conditions, 
wherein gray—no stimulation and light yellow—stimulation with the LFL peptide (VMAPRTLFL). 
Data are presented as mean values with lines connecting symbols for each donor. Each symbol rep-
resents the mean of two replicates. The paired Wilcoxon statistical test was used to analyze the data. 
* p < 0.05. 

3.6. NK Cells of hCMVhigh Donors Proliferate Better in Response to the LFL Peptide and Subse-
quently form Distinct Antigen-Specific Subset 

To further analyze the NK-cell response to LFL in a prolonged period of cultivation, 
the proliferative potential of NK cells was assessed using the detection of CFSElow NK cells 
after a 7-day incubation with LFL. Since, in the previous section, we demonstrated that 
the NK cells were able to respond to the peptide without additional exogenous stimula-
tion, for the proliferation test, we decided to not add any cytokines, either. The gating 
scheme is shown in Figure 1C. NK cells from hCMVhigh donors stimulated with the LFL 

Figure 5. Concentration of cytokines in supernatants of CD3negPBMC samples after the overnight
cultivation. Concentration of (A) GM-CSF, (B) IFNγ, (C) IL-10, (D) IL-12, (E) IL-6, and (F) TNF-α
in samples from hCMVhigh (n = 9) and hCMVlow (n = 6) donors without stimulation (control) and
with the LFL peptide stimulation (LFL). The colors of the symbols correspond to the groups, wherein
green is hCMVlow and red is hCMVhigh. The colors of the boxes correspond to stimulation conditions,
wherein gray—no stimulation and light yellow—stimulation with the LFL peptide (VMAPRTLFL).
Data are presented as mean values with lines connecting symbols for each donor. Each symbol
represents the mean of two replicates. The paired Wilcoxon statistical test was used to analyze the
data. * p < 0.05.

3.6. NK Cells of hCMVhigh Donors Proliferate Better in Response to the LFL Peptide and
Subsequently form Distinct Antigen-Specific Subset

To further analyze the NK-cell response to LFL in a prolonged period of cultivation,
the proliferative potential of NK cells was assessed using the detection of CFSElow NK cells
after a 7-day incubation with LFL. Since, in the previous section, we demonstrated that the
NK cells were able to respond to the peptide without additional exogenous stimulation,
for the proliferation test, we decided to not add any cytokines, either. The gating scheme
is shown in Figure 1C. NK cells from hCMVhigh donors stimulated with the LFL peptide
showed an increase in the proportion of CFSElow cells compared to the cells that were
unstimulated (Figure 6A,B). In contrast, NK cells from hCMVlow donors had no differences
in proliferation between cells cultured in the presence of the LFL peptide and control cells
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(Figure 6A,B). The analysis of the association between NKG2C expression in NK cells ex
vivo and their proliferation rate in response to the LFL peptide showed a slight positive
correlation for the hCMVhigh group (Figure 6C). Additionally, a negative correlation was
identified between CD57 level and percentage of CFSElow NK cells for hCMVlow donors
while no such dependence was demonstrated for hCMVhigh donors (Figure 6D). There was
no association between the proliferation of NK cells in response to the LFL peptide and
KIR2DL2/DL3+ NK cells (Supplementary Figure S5A). A higher proportion of proliferating
NK cells was found in the fraction of NKG2C+ cells compared to the NKG2C− NK cells
(Figure 6E). No statistically significant differences in the proliferation potential in response
to LFL were identified between KIR2DL2/DL3+, CD57+, and their negative counterparts
(Supplementary Figure S5B,C). Thus, the LFL peptide stimulated the proliferation of NK
cells in individuals with moderate to high serum levels of hCMV IgG.
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of CFSElow NK cells in samples of one hCMVhigh and one hCMVlow donor without stimulation and
after stimulation with LFL. (B) Comparison of the proportions of CFSElow NK cells in control and
samples stimulated with LFL in hCMVhigh (n = 20) and hCMVlow (n = 14) donors. (C) Spearman
correlation analysis of NKG2C expression and the percentage of CFSElow NK cells stimulated with
LFL in all studied groups, presented using a nonlinear regression model (n = 34). (D) Spearman
correlation analysis of CD57 expression and the percentage of CFSElow NK cells stimulated with LFL
in all studied groups, presented using a nonlinear regression model (n = 34). (E) Comparison of the
percentage of CFSElow NK cells in NKG2C+ and NKG2C− NK cell subsets in samples stimulated
with LFL in hCMVhigh group (n = 16). (F) Principal component biplot showing relationship among
grown CFSElow NK cells from 9 donors (6 hCMVhigh and 3 hCMVlow, presented as grown from
previous stimulation with hCMV (red and green, respectively) and previously unstimulated (control—
gray)) and their phenotype characteristics (NKG2C, CD57, and KIR2DL2/DL3 percentages) and
expansion rates. (G) Comparison of IFNγ production in grown CFSElow NK cells in previously
LFL-stimulated and control cells restimulated with LFL in 6 hCMVhigh donors. (H) Comparison of
the level of degranulation in grown CFSElow NK cells in previously LFL-stimulated and control cells
restimulated with LFL in 6 hCMVhigh donors. The colors of the symbols correspond to the groups,
wherein green is hCMVlow and red is hCMVhigh. The colors of the boxes correspond to stimulation
conditions, wherein gray—no stimulation and light yellow—stimulation with the LFL peptide
(VMAPRTLFL); light purple—stimulation with LLL peptide (VMAPQSLLL). Data are presented as
mean values with lines connecting symbols for each donor. Each symbol represents the mean of two
replicates. The paired Wilcoxon statistical test was used to analyze the data. Ns p > 0.05, * p < 0.05,
** p < 0.01, and **** p < 0.0001.

To study the characteristics of these highly proliferated NK cells in more detail, nine
donors were chosen, six of whom had high and medium hCMV IgG titers (hCMVhigh

group), and three donors were from the hCMVlow group. Intensively proliferating in the
presence of the LFL peptide and proliferating without stimulation (control),
CD56+CD3−SYTOX− CFSE pre-treated cells were isolated after 7 days using a cell sorter
and then grown in microcultures (100 cells) with IL-2 and K562-mbIL21 feeder cells. Differ-
ent expansion rates were observed in the microcultures 9–10 days after sorting. These data
along with surface NKG2C, CD57, and KIR2DL2/DL3 expression values measured in these
samples were used for the construction of the principal component analysis (PCA). There
was identified a cluster of peptide-stimulated NK cells formed strictly from the hCMVhigh

donor data while control samples from the same donors, together with control and LFL-
stimulated cells from hCMVlow donors, clustered separately from LFL-stimulated samples
of hCMVhigh donors (Figure 6F). This clusterization pattern supports the similarities of
the hCMV-specific clonal NK cell populations obtained from different donors. To confirm
their antigen-specific nature, these NK cells were further restimulated with LFL or with
the control peptide using thawed autologous monocytes as antigen-presenting cells. The
restimulation with the LFL peptide led to an increase in IFNγ production only in cultures
grown from hCMVhigh donor samples previously stimulated with this peptide (Figure 6G).
NK cell degranulation measurement displayed similar results: NK cell degranulation po-
tential after the restimulation with LFL was higher compared to the LFL-stimulated NK
cells that had not been stimulated previously (control + LFL) (Figure 6H).

3.7. Transcriptome Analysis of CFSElow NK Cells from hCMVhigh Donor Revealed the Traits of
Adaptive-like Cells in LFL-Stimulated Cultures

To further explore NK cells responding to the LFL peptide, we chose one donor to
perform the RNA sequencing (RNAseq) of highly proliferating NK cells. Donor 32 exhibited
the greatest difference in proliferation rate in response to the LFL peptide (Figure 7A).
Moreover, this donor had an extremely high percentage of NKG2C+ NK cells and showed a
significant increase in IFNγ production, degranulation, and activation levels in response to
LFL (Figure 7B,C). Thus, the transcriptome of CFSElow NK cells from this donor was studied.
Due to technical reasons, only two replicates proceeded to differential expression analysis.
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stimulation with LLL peptide (VMAPQSLLL). Data are presented as means ± SDs with symbols 
representing the one replicate. The paired-T statistical test was used to analyze the data. *** p < 0.001. 
(D) Unsupervised hierarchical clustering of differentially expressed genes (LFC > 0.58, p-adjusted < 
0.1): each column represents the samples of CFSElow NK cells (stimulated with LFL (light yellow) 
and LLL (light purple)) from donor 32 and each row represents a gene. The heatmap indicates the 
level of gene expression: red indicated increased expression and blue indicates decreased expres-
sion. (E) Dotplot of GeneOntology gene set enrichment analysis of CFSElow NK cells stimulated with 
LFL vs. LLL, where y-axis represents GO molecular pathways (Biological Processes (BP) Molecular 
Functions (MFs)), separated by sign and x-axis gene ratio. The greater the size of a circle is, the 
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values. 

4. Discussion 
HCMV infection contributes to the accumulation of memory NKG2C+ NK cells 

[23,47,51]. The VMAPRTLFL (LFL) peptide presented in HLA-E was shown in studies to 
induce the strongest response of NKG2C+ NK cells [12,13]. Most of the NKG2C+ NK cell 

Figure 7. Transcriptional analysis of CFSElow NK cells stimulated with LFL and LLL peptides.
(A) Comparison of the proportions of CFSElow NK cells in samples stimulated with LFL and LLL
peptides from Donor 32. (B) Ex Vivo percentages of surface markers in NK cells of Donor 32.
(C) Demonstration of the IFNγ production and CD107a and HLA-DR percentages after stimulation
with LFL and LLL peptides. The colors of the boxes correspond to stimulation conditions, wherein
gray—no stimulation, light yellow—stimulation with the LFL peptide (VMAPRTLFL), and light
purple—stimulation with LLL peptide (VMAPQSLLL). Data are presented as means ± SDs with
symbols representing the one replicate. The paired-T statistical test was used to analyze the data.
*** p < 0.001. (D) Unsupervised hierarchical clustering of differentially expressed genes (LFC > 0.58,
p-adjusted < 0.1): each column represents the samples of CFSElow NK cells (stimulated with LFL
(light yellow) and LLL (light purple)) from donor 32 and each row represents a gene. The heatmap
indicates the level of gene expression: red indicated increased expression and blue indicates decreased
expression. (E) Dotplot of GeneOntology gene set enrichment analysis of CFSElow NK cells stimulated
with LFL vs. LLL, where y-axis represents GO molecular pathways (Biological Processes (BP)
Molecular Functions (MFs)), separated by sign and x-axis gene ratio. The greater the size of a circle
is, the greater the number of genes involved in a pathway is, and the circles are colored based on
p-adjusted values.

Through the unbiased analyses of differentially expressed genes (DEGs) and gene
ontology (GO) network pathways, we identified that CFSElow NK cells stimulated with the
LFL peptide were characterized as adaptive cells with increased levels of metabolic activity
(Figure 7D,E, Supplementary Figure S6). The upregulated genes in CFSElow LFL-stimulated
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NK cells, compared to the NK cells stimulated with the LLL peptide, included genes encod-
ing activating receptors (KLRC2, CD2); adaptive NK cell gene (JAKMIP1); gene encoding
component of cytotoxic granules (GZMH); genes involved in mitosis (CCNJL), replica-
tion, and transcription (ORC4, NUP93); anti-apoptotic gene (BAG1); and genes involved
in metabolism (TKTL1, NCALD, EFR3A, SGMS1, ATG4A, EDEM2, SLC20A1) (Figure 7D).
Downregulated genes included genes encoding inhibitory receptors (KLRC1, KLRB1), genes
involved in protein transport (AP1S3, TRAPPC11, PEX12), and genes involved in signaling
processes (FCER1G, TSC1, GNB4) (Figure 7D).

4. Discussion

HCMV infection contributes to the accumulation of memory NKG2C+ NK
cells [23,47,51]. The VMAPRTLFL (LFL) peptide presented in HLA-E was shown in studies
to induce the strongest response of NKG2C+ NK cells [12,13]. Most of the NKG2C+ NK cell
studies occurred under stimulation by different cytokines [13,41,52]. It has been shown that
a combination of IL-15, IL-12, and IL-18 generates the development of cytokine-induced
memory-like NK cells [53–55]. In this work, we avoided additional stimulation with ex-
ogenous cytokines to exclude the effect of facilitating the response of NK cells through
co-activation. Unlike the previously used approaches, we analyzed the NK-cell response
to the autologous presentation of the hCMV peptide (LFL) in the absence of T cells. The
division of donors into two groups according to clusterization data based on the IgG titer
to hCMV and markers associated with hCMV (NKG2C, CD57, KIR2DL2/DL3, HLA-DR)
allowed us to investigate NK-cell reaction to the LFL peptide depending on not only the
hCMV status but mostly on the equal contribution of these parameters. Moreover, using
this approach, we were able to include, in the clusterization, an NKG2C null donor. The
existence of such individuals (KLRC1del/del) in approximately 4% of the whole population
has been observed in various countries [56,57]. On the other hand, it was shown recently
that NK cells of NKG2C null donors may differentiate similarly with and without NKG2C,
at least in the case of HIV co-infection [58]. A compensatory role of CD2 in the process of
NK cell adaptation to hCMV infection was suggested in that study [58].

NKG2C+ NK cells were characterized previously by the increased production of IFNγ

in response to contact interactions with target cells [59]. Hammer et al. demonstrated
that NKG2C+ NK cells of hCMV+ individuals recognize and respond to LFL presented by
RMA-S–HLA-E [13]. In this work, we have shown that NK cells in CD3negPBMC samples
from hCMVhigh donors responded to the LFL peptide by producing an increased level
of IFNγ while, under the same conditions, NK cells of hCMVlow donors did not show
any changes in IFNγ production. The following analysis of NKG2C surface expression
revealed that stimulation by the LFL peptide leads to a decrease in NKG2C expression in
NK cells from both hCMVhigh and hCMVlow donors. Perhaps, after NKG2C binding to
the HLA-E/LFL complex on the surfaces of antigen-presenting cells, the NKG2C recep-
tor internalized [52] or became less accessible to the monoclonal anti-NKG2C antibody.
Presumably, NKG2C+ NK cells of hCMVlow donors also interacted with the LFL peptide;
however, such interactions did not result in their activation and significant IFNγ produc-
tion. Taking together, those data suggest that without exogenous cytokine stimulation, only
hCMV-infection-experienced NK cells respond to the LFL peptide.

The analysis of the signaling pathways, the activation of which caused IFNγ produc-
tion by LFL-stimulated NK cells, was conducted via the blocking of signaling molecules
involved in the immune response of NK cells. DAP12 is known to be involved in the
signal transduction of a range of activating NK-cell receptors including NKG2C [31]. The
interaction of NKG2C with HLA-E results in the phosphorylation of ITAM motifs of DAP12,
followed by the activation of SYK family molecules and then either the activation of the
PI3K pathway or signaling through the Ras/Raf/Mek pathway [60]. Both of those path-
ways activate ERK1/2 [61,62]. The ability of those pathways to regulate the cytotoxic
activity of NK cells has been clearly stated [61], but it is difficult to find data supporting the
direct involvement of ERK1/2 in NK-cell IFNγ production after DAP12 activation. Those of
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our results obtained on the inhibition of PI3K also showed a decrease in IFNγ production,
but not as strong as with the inhibition of ERK1/2. Possibly, the activation of ERK1/2 by
the Ras/Raf/Mek pathway slightly compensated for the blocking of PI3K. Another way of
induction of IFNγ production in NK cells is connected with the activation of the JAK/STAT
pathway, mediated by cytokines such as IL-12, IL-21, and I-type IFNs [28,63]. However,
the addition of the STAT1 inhibitor did not result in a decrease in IFNγ production in our
experiments. Moreover, we have demonstrated that STAT3 inhibitors had no influence
on IFNγ production. Considering that the activations of JAK2/TYK2/STAT1/2/3/4 and
JAK1/3/STAT1/3 signaling from IL12R and IL21R, respectively result in IFNγ produc-
tion [28,64,65], the lack of an inhibitory effect of fludorabine and cryptotanshinone may
indicate that IFNγ production occurs indeed in response to peptides rather than cytokines.
The autologous system without the addition of exogenous cytokines allowed us to identify
the direct involvement of ERK1/2 and PI3K in the IFNγ production by NK cells in response
to NKG2C activation induced by the LFL peptide.

NK cell degranulation is often measured upon incubation with target cell lines such as
K562 [66,67]. On the other hand, in recent studies, the expression of CD107a was detected
in response to peptides presented by dendritic cells or cell lines expressing specific HLA
molecules [13,68]. NK cell degranulation induced by interaction with LFL-loaded HLA-
E on the surfaces of autologous cells may presumably lead to the elimination of cells
presenting a pathogen pattern (hCMV) or too much self (HLA-G). Here, similar to IFNγ

production, the degranulation of CD56dim NK cells increased in response to the LFL peptide
only in samples of hCMVhigh donors, which additionally supports the notion that NK cell
pre-experience with hCMV infection is needed to perform peptide-specific degranulation.
Simultaneous analysis of HLA-DR expression further confirmed the activation of CD56dim

NK cells from hCMVhigh donors stimulated with LFL.
Since we conducted the experiments without exogenous cytokines, the endogenous

cytokines might be still produced by autologous monocytes and dendritic cells and need
to be described. In this work, we demonstrated the enlargement of IFNγ in supernatants
of hCMVhigh donors stimulated with the LFL peptide, which corresponded to the results
of intracellular IFNγ measurements. The increased IL-12 produced by antigen-presenting
cells after the incubation with LFL may stimulate the expansion of NKG2C+ NK cells [39].
However, the IL-12 concentration usually applied for exogenous addition in various studies
ranges around 10 ng/mL [13,40], which is 100 times more than that detected in supernatants
of most of the analyzed donors. Possibly, the minor amounts of IL-12 produced by autolo-
gous cells in our system promote the NK-cell response but do not induce the increase in
NKG2C+ NK cells. Along with the elevated level of IL-12, we have observed a decrease in
the anti-inflammatory cytokine IL-10 level, which is produced by different types of immune
cells [69]. Taking into consideration other observed shifts in cytokine concentrations, our
results suggest slight changes towards the proinflammatory environment in response to the
LFL peptide. Previous studies reported upregulated TNF-α production by hCMV-specific
NK cells [13,70]; however, in our model, changes both in TNF-α as well as in IL-6 concen-
trations were dependent on the donors and did not cause any significant shifts. Moreover,
we would like to highlight that the LFL peptide did not affect any of the measured cytokine
levels in samples from hCMVlow donors. Overall, the effects of cytokines are cooperative
and depend on their combinations, doses, and the state of a responding cell.

Interestingly, NK cells lacking or having low titers of hCMV-specific IgG, despite the
presence of NKG2C, did not increase IFNγ production and degranulation in response to
the peptide whereas previously, it was shown that the NKG2C+ subpopulation is able to
respond with intense proliferation to the HLA-E-presented peptide [13]. IL-12 production
by antigen-presenting cells may be accompanied by the de novo induction of NKG2A
expression by NK cells, which may inhibit the HLA-E-induced response in seronegative or
low-seropositive donors. The NKG2A expression is expected to be triggered more easily in
less differentiated cells.
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Proliferation in response to peptides is one of the main signs of antigen-specific
cytotoxic T cells and can be measured through CFSE staining [71,72]. In our work, we
applied such a technique to identify the LFL-responding NK cells. NK cells of highly
seropositive donors actively proliferated in response to the LFL peptide while the addition
of LFL did not affect the proliferation of NK cells from seronegative and low-IgG-hCMV
donors. Further analysis of such CFSElow NK cells revealed that those cells obtained from
hCMVhigh donors form a cluster distinct from control cells of the same donors and cells
of hCMVlow donors according to expansion rate and surface marker expression (NKG2C,
CD57, KIR2DL2/DL3). Those results confirm the similarity between hCMV-specific NK
cells in different donors who experienced the hCMV infection.

NKG2C+ NK cells accumulated in hCMV infection were shown to express CD57
and KIR2DL2/DL3 [24]. In the analysis of the phenotype of responding to the LFL pep-
tide cells, we demonstrated higher levels of IFNγ production in NKG2C+, CD57+, and
KIR2DL2/DL3+ NK cells and KIR2DL2/DL3+ cell proportion in the NKG2C+CD57+ sub-
set compared to their negative counterpart. However, other assays did not show such a
dependency, or even the reverse association. The level of degranulation in response to the
LFL peptide differed only in CD57+/− NK cells with a predominance of CD107 expres-
sion in CD57− NK cells. CD57− NK cells were shown to perform higher degranulation
activity than CD57+ cells [73,74]. Perhaps CD57− cells spontaneously degranulate better
not due to the binding to the peptide, but under the influence of cytokines produced by
adaptive CD57+NKG2C+ cells, which exhibit decreased natural cytotoxicity but produce
IFNγ that activates less differentiated cells. The level of NK cell activation measured via
the percentage of HLA-DR+ cells was higher in NKG2C+ and CD57− NK cells compared to
NKG2C− and CD57+ NK cells, respectively, corresponding to our previous study on the
ex vivo phenotype of hCMV+ donors [25,50]. Interestingly, we demonstrated a correlation
between KIR2DL2/DL3 and HLA-DR expression only in hCMVlow donors; furthermore,
there was no association between KIR2DL2/DL3 level and other measured parameters
(IFNγ production and proliferation). Indeed, a higher proliferation level of NKG2C+ NK
cells, compared to NKG2C− NK cells, was observed. Along with a positive correlation
between NKG2C expression and the percentage of proliferation of NK cells in hCMVhigh

donors, those results indicate that NKG2C+ NK cells respond to LFL by increasing prolifer-
ation. A higher proliferation potential was detected in CD57− NK cells compared to CD57+

cells. Previously, we showed that CD57−NKG2C+ NK cells proliferate better compared to
CD57+NKG2C+ cells [26], and we demonstrated the ability of CD57+ NK cells to lose CD57
expression upon cultivation [26]. Therefore, we cannot exclude that the NKG2C+ NK cells
responding to the LFL peptide may partially lose the expression of CD57 during activation.

Previous studies investigating hCMV-specific NK cells typically analyzed the differ-
ences in NKG2C+ and NKG2C− NK cells [40,70] or the total subpopulation of NKG2C+ cells
accumulated after stimulation with IL-12, IL-18, and different peptides [13]. In the present
work, for the first time, we emphasize the main differences between proliferating NK cells
in response to the LFL peptide and LLL peptide without additional exogenous stimulation
by cytokines in an example of one donor. The transcriptomic profiling of CFSElow NK cells
responding to the LFL peptide revealed the traits of adaptive-like cells. The upregulation of
the expression of KLRC2 encoding the NKG2C receptor indeed indicates the higher prolifer-
ation of the NKG2C+ NK cells stimulated with LFL compared to those with LLL stimulation.
The upregulation of JAKMIP1 has also been found in antigen-experienced T cells [75], and
recently, an increase in JAKMIP1 was found in NKG2C+ NK cells compared to NKG2C− NK
cells in hCMV+ individuals [40]. The upregulation of CD2, an activating NK-cell receptor,
and GZMH, encoding a component of cytotoxic granules, was also observed in NKG2C+

NK cells [13,40,71]. Furthermore, the essential role of CD2 expression in hCMV infection
was demonstrated [76–79]. The expression of TKTL1, encoding the enzyme involved in
the pentose phosphate pathway [80], was upregulated in tumor-induced memory NK
cells [81]. Moreover, we identified several genes involved in various metabolic processes
and genes regulating the cell cycle. The downregulated genes such as KLRC1 and KLRB1,
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encoding inhibitory NK-cell receptors, were shown to be enriched in canonical NKG2C−

NK cells [13,40,70]. Another gene, FCERG1, which encodes the FcRγ adaptor protein for
NK-cell-activating receptors CD16, NKp30, and NKp46, is also commonly downregulated
in memory NK cells [82]. Hence, the gene expression patterns of CFSElow LFL-specific
NK cells obtained from one donor indicate a more activated adaptive-like state of cells
compared to CFSElow NK cells incubated with the LLL peptide.

Throughout our work, the influence of the LFL peptide was demonstrated only in
samples from hCMVhigh donors even though most of the hCMVlow donors also expressed
NKG2C. Interestingly, the LFL sequence was determined approximately in 1–2% of hCMV
strains [13,83] while the human HLA-G leader sequence contains LFL [83]. In healthy
conditions, the level of HLA-G expression is restricted to immune-privileged tissues [84,85];
however, during various viral infections, the upregulation of HLA-G is observed [86–89].
Apparently, the presence of hCMV infection, which generates different HLA-E-stabilizing
peptides, induces the formation of hCMV-specific NK cells, the response of which is
accelerated then by the presentation of the LFL peptide derived from HLA-G.

5. Conclusions

Taken together, the VMAPRTLFL peptide, presented by autologous cells, in the ab-
sence of T cells and exogenous cytokines, causes the activation of NK cells of individuals
possessing moderate to high levels of IgG to hCMV. This activation is characterized by
elevated IFNγ production, increased degranulation levels, a higher proportion of HLA-DR+

cells, and enhanced proliferation. The induction of IFNγ occurs through the activation of
PI3K and Ras/Raf/Mek pathways, inducing the activation of ERK1/2 and not via endoge-
nous cytokine. The cytokines created in CD3negPBMC samples of hCMVhigh donors shift
the cell reactions to the proinflammatory state. Additionally, the proliferating NK cells, in
response to the LFL peptide, form similar clonal populations in different hCMVhigh donors
in contrast to hCMVlow donors. The transcriptome of such highly proliferated NK cells in
response to LFL differs from LLL-stimulated cells by the alterations in genes typical for
adaptive-like NK cells and by metabolic activation. These data support the presence of
hCMV-associated adaptive NK cells in individuals who have well-defined hCMV-specific
B-cell responses.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells13060530/s1. Supplementary Figure S1. Representative
cytometric data of HLA-E surface expression without and after stimulation with LLL/LFL in NK
cells. Supplementary Figure S2. IFNγ production by NK cells upon stimulation with the LFL peptide.
(A) Comparison of the proportions of CD56bright and CD56dim NK cells producing IFNγ (n = 34).
(B) Spearman correlation analysis of CD57 expression and IFNγ production by NK cells stimulated
with LFL in all studied groups, presented using a nonlinear regression model (n = 34). (C) Spearman
correlation analysis of KIR2DL2/DL3 expression and IFNγ production by NK cells stimulated with
LFL in all studied groups (n = 34). (D) Comparison of IFNγ production in NKG2C+ and NKG2C−

NK cells in samples stimulated with LFL in the hCMVlow group (n = 13). (E) Fold change of IFNγ pro-
duction by CD57+ and KIR2DDL2DL3+ NK cells, separated into two subgroups (subgroup 1—n = 12,
subgroup 2—n = 8 of hCMVhigh donors). (F) The percentage of NKG2C+, CD57+, KIR2DL2/DL3+

NK cells in two subgroups, identified in (C) (subgroup 1—n = 12, subgroup 2—n = 8 of hCMVhigh

donors). The color of the symbols corresponds to the groups, where green is hCMVlow, red is
hCMVhigh. NK cells were stimulated with the LFL peptide (VMAPRTLFL). Data are presented as
symbols representing the mean of two replicates (B,C), mean values with lines connecting symbols
for each donor (D,E), mean ± SD (A,F). The paired Wilcoxon test was used to analyze the data (D,E),
and the T test was used for unpaired data (A,F). * p < 0.05, ** p < 0.01, *** p < 0.001. Supplementary
Figure S3. Effect of simultaneous addition of STAT1 (Fludorabine) and STAT3 (Cryptotanshinone)
inhibitors on the level of IFNγ production in NK cells of hCMVhigh donors (n = 6). Data are presented
as mean values with lines connecting symbols for each donor. Each symbol represents the mean of
two replicates. The paired Friedman statistical test was used to analyze the data. * p < 0.05, ** p < 0.01.
Supplementary Figure S4. Degranulation and activation of NK cells upon stimulation with the LFL
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peptide. (A) Spearman correlation analysis of NKG2C, CD57, KIR2DL2/DL3 expression and level of
CD107a expression by NK cells stimulated with LFL in all studied groups (n = 27). (B) Spearman
correlation analysis of NKG2C, CD57 expression and level of HLA-DR expression by NK cells stimu-
lated with LFL in all studied groups (n = 27). (C) Comparison of CD107a expression by NKG2C+ and
NKG2C− NK cells in samples stimulated with LFL in hCMVhigh group (n = 16). (D) Comparison of
CD107a expression by NKG2C+ and NKG2C− NK cells in samples stimulated with LFL in hCMVlow

group (n = 11). (E) Comparison of CD107a expression by KIR2DL2/DL3+ and KIR2DL2/DL3−

NK cells in samples stimulated with LFL in hCMVhigh group (n = 16). (F) Comparison of CD107a
expression by KIR2DL2/DL3+ and KIR2DL2/DL3− NKG2C+CD57+NK cells in samples stimulated
with LFL in hCMVhigh group (n = 16). (G) Comparison of HLA-DR expression by NKG2C+ and
NKG2C− NK cells in samples stimulated with LFL in hCMVlow group (n = 11). (H) Comparison of
HLA-DR expression by KIR2DL2/DL3+ and KIR2DL2/DL3− NK cells in samples with stimulated
LFL in hCMVhigh group (n = 16). (I) Comparison of HLA-DR expression by KIR2DL2/DL3+ and
KIR2DL2/DL3− NKG2C+CD57+NK cells in samples stimulated with LFL in hCMVhigh group (n = 16).
The color of the symbols corresponds to the groups, wherein green—hCMVlow, red—hCMVhigh.
The color of the boxes corresponds to stimulation conditions, where gray is no stimulation and
light yellow—stimulation with the LFL peptide (VMAPRTLFL). Data are presented as mean values
with lines connecting symbols for each donor. Each symbol represents the mean of two replicates.
Supplementary Figure S5. Proliferative potential of NK cells after 7 days of incubation with the LFL
peptide, and following characterization of CFSElow NK cells. (A) Spearman correlation analysis of
KIR2DL2/DL3 expression and the percentage of CFSElow NK cells stimulated with LFL in all studied
groups (n = 34). (B) Comparison of the percentage of CFSElow NK cells in KIR2DL2/DL3+ and
KIR2DL2/DL3− NK cells in samples stimulated with LFL in hCMVhigh group (n = 16). (C) Compari-
son of the percentage of CFSElow NK cells in CD57+ and CD57− NK cells in samples stimulated with
LFL in hCMVhigh group (n = 3). The color of the symbols corresponds to the groups, where green is
hCMVlow, red is hCMVhigh. The color of the boxes corresponds to stimulation conditions, wherein
gray—no stimulation and light yellow—stimulation with the LFL peptide (VMAPRTLFL). Data are
presented as mean values with lines connecting symbols for each donor. Each symbol represents
the mean of two replicates. Supplementary Figure S6. Volcano plot comparing LFL-stimulated with
LLL-stimulated CFSElow NK cells significant 96 out of 130 up-regulated and down-regulated.
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