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Abstract: Coronavirus disease 2019 (COVID-19), caused by the SARS-CoV-2 virus, is accompanied
by a dysregulated immune response. In particular, NK cells, involved in the antiviral response,
are affected by the infection. This study aimed to investigate circulating NK cells with a focus
on their activation, depletion, changes in the surface expression of key receptors, and functional
activity during COVID-19, among intensive care unit (ICU) patients, moderately ill patients, and
convalescents (CCP). Our data confirmed that NK cell activation in patients with COVID-19 is
accompanied by changes in circulating cytokines. The progression of COVID-19 was associated with
a coordinated decrease in the proportion of NKG2D* and CD16* NK cells, and an increase in PD-1,
which indicated their exhaustion. A higher content of NKG2D* NK cells distinguished surviving
patients from non-survivors in the ICU group. NK cell exhaustion in ICU patients was additionally
confirmed by a strong negative correlation of PD-1 and natural cytotoxicity levels. In moderately
ill patients and convalescents, correlations were found between the levels of CD57, NKG2C, and
NKp30, which may indicate the formation of adaptive NK cells. A reduced NKp30 level was observed
in patients with a lethal outcome. Altogether, the phenotypic changes in circulating NK cells of
COVID-19 patients suggest that the intense activation of NK cells during SARS-CoV-2 infection,
most likely induced by cytokines, is accompanied by NK cell exhaustion, the extent of which may be
critical for the disease outcome.

Keywords: COVID-19; SARS-CoV-2; NK cells; phenotype; adaptive-like NK cells; cytokines;
coordinative response

1. Introduction

Novel coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), has rapidly spread all over the world; the number of
cases is more than half a billion, and more than 6 million people have already died [1,2]. The
symptoms vary from asymptomatic to severe, which can be accompanied by acute respira-
tory distress syndrome (ARDS) [3]. The variable clinical outcome in infected individuals is
due to the complex interaction of the virus with the immune system. NK cells, effectors of
innate immunity, along with CD8" T cells, mediators of adaptive immunity, are important
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components of the antiviral immune response [4]. NK cells exhibit a rapid effector response
with the ability to directly kill infected cells and perform antibody-dependent cytotoxicity.
In addition, NK cells are endowed with immunomodulatory functions and are able to
regulate the innate and adaptive immune responses through the secretion of cytokines and
interaction with other immune cells.

SARS-CoV-2 remodels the NK cell phenotype and function. For their part, NK cells
may contribute to the defense against SARS-CoV-2 infection and play an important role in
the COVID-19 outcome [5,6]. Viral load was shown to decrease more rapidly with normal
but not depleted levels of blood NK cells, and no such correlation was found for T or B
cells [7]. Nevertheless, the question of the predictive significance of NK cell characteristics
in COVID-19 remains relevant.

Over the past two years, most reports on COVID-19 have highlighted lymphopenia as
the main feature reflecting the severity of COVID-19 [8]. A decrease in both percentages and
absolute counts of NK cells in the peripheral human blood was repeatedly reported [9-12].
At the same time, the main NK cell subsets in patients with COVID-19 undergo qualitative
changes. In line with this, scRNA-seq analysis showed that CD564™ NK cells were depleted
mainly in ICU patients, while CD56"118M NK cells were significantly decreased in patients
with COVID-19, regardless of severity [13]. However, after recovery from a severe form of
COVID-19, the number of NK cells was quickly restored [14].

NK cells are involved in cytokine production in response to IFN-« in early SARS-
CoV-2 infection [15]. It was shown that NK cells from patients with COVID-19 have an
activated phenotype. Specifically, HLA-DR expression was significantly increased in the
NK cells of COVID-19 patients [10]. A higher level of CD107a expression and IFN-y
production in NK cells was reported for severe SARS-CoV-2 patients compared to moderate
ones [16]. However, several findings indicate that SARS-CoV-2 infection can promote an
exhausted NK cell phenotype [15,17]. The PD-1 inhibitory receptor, a checkpoint molecule
with immunoregulatory properties, is increased in T lymphocytes in COVID-19 [18]. This
molecule is a less common exhaustion marker for NK cells, although higher PD-1 expression
was associated with reduced IFN-y secretion and a lower degranulation degree in this cell
subset [19].

NKG2A and KIR2DL2/DL3 are the most common inhibitory NK cell receptors, which
play a role in distinguishing between self and non-self and in “licensing” NK cells for
effective killing. Heterodimer CD94 /NKG2A interacts with the HLA-E molecule capable of
presenting host or viral peptides to NK cells [20]. An increase in the NKG2A-expressing NK
cell subset in COVID-19 patients has been reported earlier [1], whereas other studies have
not supported this fact [21,22]. KIR2DL2 and KIR2DL3 interact with HLA-C molecules [23].
Notably, the combination of KIR2DL2 and HLA-C1 in one genotype was shown to be asso-
ciated with an increased risk of SARS-CoV-2 infection [24]. In general, surface expression
of KIRs indicates a more differentiated state of NK cells.

NKG2D is one of the key NK-cell-activating receptors, which plays a role in both
anticancer and antiviral immunity [25]. NKG2D interacts with stress molecules on the
surfaces of infected cells, such as MICA, MICB, and ULBP1-6 [26]. Interaction of the soluble
forms of these molecules with NKG2D results in a decreased NKG2D surface level and,
as a result, decreased natural cytotoxicity. Low NKG2D expression on the surfaces of
NK cells was reported in COVID-19 [27]. FcyRIII (CD16) is another extremely important
activating NK cell receptor responsible for antibody-dependent cell-mediated cytotoxicity
(ADCC) [28], which was also shown to be decreased in COVID-19 [29]. These findings
evidence that the dysfunction of NK cells may develop during COVID-19. At the same
time, recent studies point to the great importance of ADCC in the control of viral infection
in COVID-19 [16,30].

Recently, NK cells have been shown to specifically respond to certain pathogens
with the formation of a pool of differentiated cells, which undergo epigenetic remodeling.
Cytomegalovirus infection (HCMYV) is widespread in the human population and leads
to a stable change in the NK cell repertoire [31]. HCMV-associated adaptive NK cells are
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characterized by a terminally differentiated phenotype (NKG2A~KIR*CD57*), reduced
expression of PLZF transcription factor, Syk signaling molecule, FceRly adapter chain,
and NKp46 and NKp30 receptors [32]. Adaptive NK cells expand upon HCMYV infection
and often, although not always, express the NKG2C receptor [33]. The interaction of
the CD94/NKG2C heterodimer and its cellular ligand HLA-E mediates the release of
proinflammatory effector molecules, in addition to cytotoxic responses of NK cells against
the virus-infected cells [34]. According to the literature, the pools of NKG2C* NK cells
and FceRIy-negative NK cells partially overlap [35]. There are contradictory data on the
role of adaptive/adaptive-like NK cells in the control of SARS-CoV-2 infection and the
development of COVID-19. Some studies incline towards a negative role of the adaptive-
like NK cells. For example, the increased content of highly differentiated NK cells with a
reduced level of FceRly expression [27] or an expanded NKG2C-expressing NK cell subset
were detected [10]. On the other hand, it has been previously shown that the absence
of a gene encoding the activating NKG2C receptor in NK cells is a risk factor for severe
COVID-19 disease [36].

Overall, the accumulated data on NK cells in COVID-19 disease are incomplete and
in some ways contradictory. An additional difficulty in studying the immune response
to SARS-CoV-2 is the diversity of viral strains that have emerged during the pandemic.
Compared to the less severe Omicron strain, the Wuhan strain, which dominated at the
early stages of the pandemic, caused more severe cases and deaths. The lack of immuno-
logical memory against SARS-CoV-2, formed during the earlier history of human contact
with this virus, may have contributed to this fact. Our study was performed on samples
from moderate and severe patients with COVID-19 collected during the first wave of the
pandemic (May—July 2020) at the Federal Research and Clinical Center for Specialized
Types of Medical Care and Medical Technologies (FMBA), Moscow, Russia. Groups of
convalescents and healthy donors were also examined. The phenotype of circulating NK
cells was analyzed and included the surface levels of activation markers (HLA-DR and
PD-1), key inhibitory and activating receptors (NKG2A, KIR2DL2/DL3, NKG2D, CD16),
a marker of terminal differentiation (CD57), and markers associated with adaptive-like
NK cell phenotypes (NKG2C, NKp30). In addition, granzyme B intracellular levels and
degranulation in response to K562 cells were measured. We also compared the different sub-
population proportions between non-survivors and recovered patients in the severe group.
Correlation analysis of the above-mentioned marker expression levels was performed.

2. Results
2.1. Severe COVID-19 Is Accompanied by the Depletion of Circulating Lymphocytes and a
Decrease in the Content and Viability of NK Cells

The percentage of lymphocytes (CD45"8"CD147) and, in particular, NK cells and
their subsets was measured by flow cytometry in the PBMC samples from COVID-19
patients at the intensive care unit (ICU patients), patients with COVID-19 of moderate
severity, COVID-19 convalescent plasma donors (CCP donors), and healthy donors. The
gating strategy for determination of the lymphocytes, NK cells, and surface marker levels
is presented in Figure 1.

In concordance with other research groups [9-12,37], we registered a decrease in the
lymphocyte pool in ICU patients and moderate-severity patients compared to CCP donors
and healthy individuals (Figure 2a). A critically low percentage of CD45"8"CD14~ cells
was detected among non-survivors from the ICU group as compared to recovered patients,
which confirms the prognostic value of this parameter (Figure 2d). NK cells (defined as
CD56"CD3™ cells) were significantly and vastly decreased in ICU patients compared to
all other groups (Figure 2b), with no differences between recovered and lethal patients
(Figure 2d). A higher percentage of SytoxBlue-Dead-Cell-stain-positive cells was found
in the NK cell population in the ICU patient group compared to moderate patients, CCP,
and healthy donors (Figure 2c), indicating a decrease in the viability of these cells during
COVID-19 infection, which possibly contributed to the observed lymphocyte depletion.The
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proportion of less differentiated CD56P"8Mt NK cells was reduced and, accordingly, the pro-
portion of more differentiated CD564™ NK cells was increased in patients with COVID-19
of moderate severity as compared to healthy donors. However, such a pattern was not
detected in the ICU patients, as the proportion of CD56P"8h NK cells in this group was
quite variable (Figure 2b). Survivors did not differ in the proportion of CD56""18" NK cells
from non-survivors in the same group (Figure 2d).
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Figure 1. The gating strategy for cytometric analysis of NK cells in PBMC samples. Surface expression
of PD-1, HLA-DR, NKG2D, CD16, NKG2A, KIR2DL2/DL3, CD57, NKG2C, and NKp30 was analyzed
in NK cells by flow cytometry after staining with fluorescent-labeled specific monoclonal antibodies.
NK cells were defined as CD3—CD56+ cells in CD45highCD14— cells in the FSC-SSC lymphocyte
gate; CD56bright and CD56dim NK cells were determined. SytoxBlue staining was used to detect
dying cells.
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Figure 2. Peripheral blood levels and viability of lymphocytes from COVID-19 patients, convalescent
patients, and healthy donors. (a) CD45"8"CD14~ cell percentage in PBMC was assessed in the
following groups: ICU patients (n = 28), moderate-severity patients (n = 28), CCP donors (n = 31),
and healthy donors (n = 27). (b) NK cell percentage among CD45"8"CD14~ cells and CD56P"i8ht NK
cell percentage among all NK cells in blood samples from ICU patients (n = 34), moderate-severity
patients (n = 31), CCP donors (n = 31), and healthy donors (n = 48). (c) Percentage of dead cells
measured in blood samples from ICU patients (n = 9), moderate-severity patients (n = 15), CCP
donors (n = 15), and healthy donors (n = 15). (d) Comparative analysis of CD45MghCD14~ cell, NK
cell, and CD56P18M NK cell levels in the recovered and lethal patients from the ICU group. Data are
presented as individual values with mean (£SD). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

In order to assess the inflammatory context, which may directly affect blood cell num-
bers and functions, systemic cytokine profiling was performed on serum samples of patients
with moderate disease and compared to the healthy control group (Figures 3 and S1). A
significant reduction in circulating lymphocytes, including NK cells, was accompanied
by an increase in the serum levels of inflammatory mediators in patients with moderate
COVID-19 as compared to healthy donors. The inflammatory response was character-
ized by upregulation of the typical “cytokine storm” markers such as TNF (Figure 3a),
IL-6 (Figure 3b), IL-10 (Figure 3c), and IFN-y (Figure 3d), in agreement with previously
published studies [38—40]. Increased concentrations of IFN-y, IL-15 (Figure 3e), and IL-7
(Figure 3f) may contribute to the activation and survival, as well as exhaustion, of lympho-
cytes, including NK cells. Low numbers of NK cells detected in the peripheral blood of
patients with COVID-19 may also be due to the recruitment of pathogenic NK cells to the
lungs in response to high levels of CXCL10 (Figure 3g), accompanied by their activation
and the induction of IFN-y production. On the other hand, both CXCL10 [41] and GM-CSF
(Figure 3h) drive myeloid cell recruitment and activation, including neutrophils, as indi-
cated by the high levels of IL-8 (Figure 3i) [42], further contributing to the inflammatory
response in the acute phase of SARS-CoV-2 infection.
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Figure 3. Systemic production of cytokines and chemokines in the blood of patients with moderate-
severity disease indicates the activation of a broad immune response. Concentration of (a) TNF,
(b) IL-6, (c) IL-10, (d) IFNY, (e) IL-15, (f) IL-7, (g) CXCL10, (h) GM-CSE (i) IL-8 in pg/mL in the serum
of healthy donors and moderate-severity patients. Data are presented as individual values with mean
(£SD). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.2. NK Cells in COVID-19 Show an Activated Profile with Signs of Exhaustion

To assess the functional profile of NK cells during COVID-19 infection, we analyzed
the expression of one of the human leukocyte antigen class II molecules—HLA-DR, a
common marker of lymphocyte activation—in all NK cells and in the less differentiated
CD56P18ht subset and more differentiated CD569™ subset. We also analyzed the expression
of checkpoint inhibitory receptor PD-1, which appears on the NK cell surface during
prolonged activation and can be regarded as a marker of cell exhaustion (Figure 4) [19].

The percentage of the activated HLA-DR* subset was higher in NK cells from both
ICU and moderate-severity COVID-19 patients, compared to the CCP donor and healthy
donor groups (Figures 4a and S2). In CD56P"8ht NK cells, the COVID-19-induced increase
in the HLA-DR expression level in the moderate-severity group was even more significant
compared to the control group than in the ICU group (Figure 4a). No significant difference
was shown in the HLA-DR expression level in NK cells between recovered patients and
patients with a lethal outcome in the ICU group (Figure 4c).

An increased percentage of PD-1-expressing NK cells was registered in the ICU and
moderate-severity patients compared to healthy donors, but only in the more differentiated
CD56%™ subset (Figure 4b). PD-1 expression had no association with lethality in the ICU
patient group (Figure 4c). However, we observed a weak positive correlation between PD-1
and HLA-DR levels in the ICU patient group, which implies some degree of coordination
in the acquisition of these markers (Figure 4d).

2.3. Reduced Expression of NKG2D and CD16 Receptors Is Observed on the Surface of NK Cells
during COVID-19

The surface expression of NK-cell-activating receptors NKG2D and CD16 was an-
alyzed in NK cells (Figures 5 and S2). We observed a significant decrease in NKG2D*
cell percentage in NK cells from COVID-19 patients compared to healthy donors, with
critically low cases registered in the ICU patient group (Figure 5a). Notably, the percentage
of NKG2D* NK cells was lower among non-survivors compared to surviving patients in
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the ICU group (Figure 5b). The levels of NKG2D-expressing NK cells were comparable
among convalescents and healthy donors.
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Figure 4. Analysis of activation and exhaustion markers in NK cells from COVID-19 patients, convales-
cent patients, and healthy donors. (a) The proportion of HLA-DR* cells among NK cells and CD56P"ight
and CD56%™ subsets in the following comparison groups: ICU patients (n = 23), moderate-severity
patients (n = 25), CCP donors (n =29), and healthy donors (n = 24). (b) The proportion of PD-1*
cells among NK cells and CD56P"8" and CD569™ subsets in the following comparison groups: ICU
patients (n = 31), moderate-severity patients (n = 25), CCP donors (n = 29), and healthy donors (n = 28).
(¢) Comparative analysis of HLA-DR* and PD-1* cell percentages among NK cells and CD56P"ight
and CD569™ subsets in recovered and lethal ICU patients from ICU group. (d) Spearman correlation
between HLA-DR and PD-1 expression in all donor groups. (a—c) Data are presented as individual
values with mean (£SD). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 5. Analysis of NKG2D, CD16, NKG2A, and KIR3DL2/DL3 expression in NK cells from
COVID-19 patients, convalescent patients, and healthy donors. (a) The proportion of NKG2D",
CD16" NKG2A*, and KIR3DL2/DL3* NK cells measured in the following comparison groups: ICU
patients (n = 32, n = 20, n = 27, and n = 27, respectively), moderate-severity patients (n = 23, n = 23,
n =24, and n = 24, respectively), CCP donors (n = 35, n = 20, n = 27, and n = 27, respectively), and
healthy donors (n =27, n =21, n =29, and n = 29, respectively). (b) Comparative analysis of NKG2D*,
CD16*, NKG2A*, and KIR3DL2/DL3* NK cells in recovered and lethal ICU patients from the ICU
group. (c) Spearman correlation between NKG2D" and CD16* NK cell levels in all donor groups.
(d) Pearson correlation between NKG2D* and PD-1* NK cell levels in all donor groups. (e) Pearson
correlation between NKG2A™* and KIR3DL2/DL3* NK cell levels in all donor groups. (a,b) Data are
presented as individual values with mean (+SD). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

A decrease in NKG2D* NK cells with the progression of COVID-19 was accompanied
by a decrease in CD16" NK cell levels (Figure 5a). A significant positive correlation
between NKG2D* and CD16* cell percentages was registered for samples obtained from
ICU and moderate-severity patients, while no correlation was detected for samples from
CCP and healthy donors (Figure 5c). This suggests a coordinated loss of CD16- and
NKG2D-expressing NK cells during the COVID-19 immune response. Correlation analysis
between NKG2D* and PD-1* NK cell levels from different patient groups revealed a
significant negative correlation in the ICU patient group (Figure 5d), supporting the idea of
NK cell exhaustion in ICU patients, manifested by the loss of NKG2D and acquisition of
PD-1 expression.
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Surface expression of inhibitory receptors NKG2A and KIR2DL2/DL3 was also eval-
uated with regard to NK cell activation profile analysis and COVID-19 progression. Up-
regulation of NKG2A expression in NK cells from COVID-19 patients has been previously
reported and was proposed as an exhaustion factor attenuating NK cell antiviral activ-
ity [8,43].

No significant differences in NKG2A* and KIR2DL2/DL3* NK cell percentages were
observed among the studied groups (Figure 5a). Moreover, the percentages of both NKG2A*
and KIR2DL2/DL3* NK cells were not related to the outcome of the disease in the group
of ICU patients (Figure 5b). We established a negative correlation between NKG2A- and
KIR2DL2/DL3-expressing NK cell levels in moderate-severity patients, CCP, and healthy
donors. Interestingly, ICU patients were the only group in which no correlation was
observed (Figure 5e), suggesting dysregulation of these NK cell markers” expression in
severe COVID-19.

2.4. Increased NKG2C Expression Accompanies the Formation of Adaptive-like NK Cells in
Moderate COVID-19, While in Severe COVID-19, Lethal Outcome Is Associated with a Decrease
in the NKp30*™ NK Cell Proportion

Since HCMYV is widespread in the human population, and in Russia, the abundance
varies from 72% to 100% [44], apparently, a significant part of the analyzed patients with
COVID-19 initially had adaptive NK cells associated with HCMYV in their circulation.
Adaptive HCMV-associated NK cells are commonly defined by surface markers CD57,
NKG2C, and several others [45]. In addition, adaptive NK cells are characterized by reduced
expression of the adapter molecule FceRy and a reduced surface level of NKp46 and
NKp30 receptors regulated by FceRy [33]. In this study, we analyzed changes in the surface
expression of CD57, NKG2C and NKp30 in NK cells during COVID-19 (Figures 6 and S2).

Expression of CD57 in NK cells is associated with the high differentiation status of NK
lymphocytes and/or cellular senescence [46]. A comparative analysis of the proportion of
CD57* NK cells was carried out in patients with varying COVID-19 severity, CCP donors,
and healthy individuals. Since the proportion of CD57* NK cells is known to increase with
age [47], to minimize the influence of this factor, 34 elderly healthy donors were additionally
included in the study (median age: 56 years). However, we found no differences in the
percentage of CD57* NK cells among all studied groups (Figure 6a).

The NKG2C receptor expression level in NK cells also increases with age, apparently
due to an increase in the HCMYV infection’s spread among the population [47]. Thus, we
again included in the NKG2C expression analysis the additional group of aged-matched
healthy donors. The NKG2C* NK cell percentage was significantly higher in moderate-
severity patients compared to healthy individuals (Figure 6a). No significant differences in
the percentage of NKp30* NK cells between the analyzed groups were found (Figure 6a).
Of note, we observed no increase in NKG2C* NK cell percentage in ICU patients with a
lethal outcome compared to ICU survivors (Figure 6b). In moderate-severity patients and
CCP donors, we registered a weak but significant positive correlation between CD57* and
NKG2C* NK cell levels, which supports coordinated changes in the expression of these
markers. Negative correlations were found between NKp30* and NKG2C* NK cell levels,
and NKp30* and CD57" NK cell levels, in the same donor groups, favoring the opposite
roles of these subsets in the NK cell immune response against COVID-19 in the case of
moderate disease or during recovery. No correlations were registered in the ICU group
(Figure 6c—e); however, importantly, the NKp30*" NK cell percentage was significantly
lower in the ICU patients with lethal outcomes compared to the survivors (Figure 6b).

Our data support the idea of the co-expression of NKG2C and CD57 with the coor-
dinated downregulation of NKp30 in NK cells from moderate-severity patients and CCP
donors and, thus, the formation of an adaptive-like NK cell subset, whereas, in severe
COVID-19 disease, NKG2C, CD57, and NKp30 expression in NK cells seems to be unrelated.
Nevertheless, the decreased NKp30 expression level in the ICU group may be considered
as a risk factor.



Int. J. Mol. Sci. 2023, 24,1996

10 of 20

100+ 80+ * 100+ @ ICU patients
A ™ B Moderate severity
L]
80 - 804 & CCP donors
604 ol A ¥V Healthy donors
X 4 °
:", 60- o s : v :\_ 60
~ Q 404 7y -
B o ®e } ‘a 404
8 404 A 4 X
P-4 o 4 4
204 %o i
20 s . 20
YO8 a o, o. 4
0 . 0 P 1 e Y 0
b o @ ICU patients - recovered
1001 40+ 100+ — ® ICU patients - lethal
° : e
804 804
L
° o
° 2 .
:\, 60- .- . :'\a. 60 r
b Q 20 3
0O 401 3 S 40
(S] -4 =z
L] .
204 o 204 e
L]
° A .,
0+ ¢ * 0+
c d e @ ICU patients
r=0.6035 r=0.4164 r=-0.5737 |r=-0.7537 r=-0.4887| r=-0.7603 |r=-0.7002|y pogerate severity
— p=0.0009 |p=0.0430 p=0.0018  |p<0.0001 . p=0.0180| p<0.0001 |p=0.0003 |, ccp donors
V Healthy donors
° 8 L]
80 . " a . 80
]
o ] 2 Y 2 =
:\~ 60 48 ) A: : > .- +7 80
N - g 3
L0 -
8 40 ° A' LR % % 40
i o B o v |
20 e o'y *a - 20
-2 v Ah'. N n
0 T T T 1 07 T T T 1 0 1
0 20 40 60 80 0 20 40 60 80 0 100
NKG2G*, % NKG2C™, % CDS7*, %

Figure 6. Analysis of NKG2C, CD57, and NKp30 expression in NK cells from COVID-19 patients,
convalescent patients, and healthy donors. (a) The proportion of CD57*, NKG2C*, and NKp30* NK
cells measured in the following comparison groups: ICU patients (n = 32), moderate-severity patients
(n =24), CCP donors (n = 35), and healthy donors (n = 27 for NKp30, n = 62 for CD57 and NKG2C).
(b) Comparative analysis of CD57*, NKG2C*, and NKp30" NK cells in recovered and lethal ICU
patients from the ICU group. (c) Pearson correlation between the proportions of CD57* and NKG2C*
NK cells in all donor groups. (d) Pearson correlation between the proportions of NKp30* and NKG2C*
NK cells in all donor groups. (e) Pearson correlation between the proportions of NKp30* and CD57*
NK cells in all donor groups. (a,b) Data are presented as individual values with mean (£SD). * p < 0.05,
**p <0.01.

2.5. NK Cells Demonstrate an Increased Level of Granzyme B and Decreased K562-Cell-Induced
Degranulation in COVID-19

Next, to assess the cytotoxic potential of NK cells, we analyzed the intracellular accu-
mulation of granzyme B, a component of cytotoxic NK cell granules [48], in ICU patients,
moderate-severity patients, and CCP donors (Figure 7). The highest level of granzyme B
was observed in the NK cells of the ICU patients compared with both the moderate-severity
group and CCP donors (Figure 7a). No statistically significant differences in granzyme B
production were found between the lethal and recovered patients (Figure 7b). Interestingly,
NK cells expressing NKG2C contained more granzyme B compared to NKG2C™ NK cells
(Figure 7d).
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Figure 7. Degranulation activity and granzyme B expression in NK cells from COVID-19 patients,
convalescent patients, and healthy donors. (a) The proportion of CD107a* and granzyme B* NK cells
in the following comparison groups: ICU patients (n = 14 and n = 26, respectively), moderate-severity
patients (n = 22 and n = 27, respectively), CCP donors (n = 11 and n = 23, respectively), and healthy
donors (n = 18 only for CD107a). (b) Comparative analysis of CD107a* and granzyme B* NK cell
levels in the recovered and non-recovered patient groups from the ICU. (c) Representative dot plots
of CD107a and granzyme B expression in NK cells in all studied groups with the respective controls
without target cells (K562) or FMO (fluorescence minus one) controls (black), the meaning of other
colors is highlighted in the upper part of dot plots. (d) Comparative analysis of granzyme B* cell level
among NKG2C*/~ NK cells measured in the following comparison groups: ICU patients (n = 26),
moderate-severity patients (n = 27), CCP donors (n = 23), ICU patients—recovered (n = 12), and ICU
patients—non-survivors (n = 13). (e) Spearman correlation between the proportions of CD107* and
granzyme B* NK cells in the studied groups. (f) Pearson correlation between the proportions of
CD107* and PD-1* NK cells in the studied groups. (g) Spearman correlation between the proportions
of CD107* and NKG2D* NK cells in the studied groups. (a,b,d) Data are presented as individual
values with mean (£SD). ** p < 0.01, *** p < 0.001.
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Furthermore, NK cell degranulation was analyzed by assessing the surface level of
CD107a in response to K562 target cells in some samples. Despite the high level of granzyme
B, NK cells from patients with COVID-19 had lower degranulation activity as compared to
healthy controls, suggesting dysfunctional cytotoxicity (Figure 7), while no difference in
CD107a expression was observed between the recovered and lethal patients. At the same
time, we found a positive correlation between the granzyme B level and CD107a expression
in moderate-severity patients (Figure 7e). To test whether the low cytotoxic activity was
related to NK cell exhaustion caused by a decrease in NKG2D expression and an increase in
PD-1 expression, an appropriate correlation analysis was performed. A moderate positive
correlation was found between the proportion of NKG2D™" NK cells and the degranulation
level in the ICU patient group (Figure 7g). Moreover, the CD107a expression level had
strong negative correlation with PD-1 expression in NK cells of the same donor group
(r=—0.795; p = 0.01) (Figure 7f). A negative correlation was also established between the
proportions of NKG2D* and PD-1* NK cells (Figure 5d). Thus, with a high degree of
confidence, we can propose that PD-1 and NKG2D should be considered as markers of NK
cell exhaustion during COVID-19 disease.

3. Discussion

COVID-19 causes a wide range of clinical manifestations, ranging from asymptomatic
forms and standard symptoms of SARS to severe viral pneumonia and ARDS [3]. In severe
forms of COVID-19, hyperactivation of the immune system occurs, primarily driven by
the innate immune cells that mediate the excessive production of various cytokines and
chemokines, causing a cytokine storm [49]. Our study is in agreement with previously
published reports demonstrating the generalized dysregulation of both pro-inflammatory
and anti-inflammatory cytokine production, which occurs already at the stage of mod-
erate disease severity (Figures 3 and S1). Lymphocyte characteristics during COVID-19
disease were addressed by many research groups, mostly reporting lymphopenia at the
late stages of SARS-CoV-2 infection [9,10,12,27,38]. In this work, we not only confirmed
a decrease in the proportion of CD45M8"CD14~ lymphocytes in the groups of ICU and
moderate disease severity patients as compared to CCP and healthy donors, but also found
that CD45M8"CD14~ cells were significantly lower in non-survivors as compared to the
recovered ones among ICU patients (Figure 2). A statistically significant decrease in NK
cell proportion was observed in the ICU patients as compared to other study groups, which
also is in line with previous reports [8]. There may be several explanations for such a
decrease in the NK cell population during moderate and severe COVID-19. These include
the selective elimination of NK cells due to overactivation-induced apoptosis and platelet
aggregation [50], as well as NK cell migration to the tissues, particularly to the lungs, where
their SARS-CoV-2-induced accumulation has been shown [51]. In this work, we observed a
high percentage of dying NK cells in the PBMC fraction of COVID-19 patients, with the
highest values in severe COVID-19 patients (Figure 2c), which may also contribute to the
ineffective immune control of viral replication [17].

In accordance with the already published data [2,10], we demonstrated a highly
activated state of NK cells in both moderate and severe COVID-19 patient groups, which
was determined by the increased expression level of HLA-DR, a well-known marker of
NK cell activation (Figure 4a) [52]. In addition, we found an increase in the percentage of
CD569™ NK cells in the moderate disease severity group as compared to healthy controls
(Figure 2b), which may be explained by the activation-mediated maturation of NK cells. An
increase in the more differentiated NK cell pool has previously been reported in COVID-19
by other groups [50]. The activity of NK cells is highly dependent on the chemokines and
cytokines produced by the microenvironment. Both the activation and differentiation of
NK cells may be induced by high levels of IL-15 during COVID-19 (Figure 3e). IL-15 is vital
for NK cell development and survival and mediates antiviral immunity [53]. In a cytokine
profile study of COVID-19 patients, lower IL-15 levels distinguished non-survivors from
survivors at a particular stage of the disease [54].
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Another aspect of NK cell activation is their possible exhaustion. It is generally
accepted that an inhibitory receptor, PD-1, demonstrates sustained expression in resting
conventional T cells and overexpression upon their activation. This activation may occur
as a result of antigen recognition during viral infections, and PD-1 mediates the prevention
of an excessive response of protective immunity [55]. Concerning NK cells, PD-1 may
possess a similar regulatory capacity. In healthy conditions, NK cells express PD-1 in trace
amounts, in contrast to T cells [56]. The level of PD-1-positive NK cells was shown to
be significantly higher in COVID-19 patients, and this phenotype was interpreted as the
exhaustion of NK cells [17,57]. Our results confirm an increased percentage of PD-1-positive
NK cells in ICU and moderate COVID-19 patients in comparison with healthy donors,
accompanied by an elevated level of HLA-DR-expressing NK cells. Such an increase in PD-
1 expression was observed both in the general population of NK cells and in the CD564™
subset (Figure 4b). It has been previously shown that a higher PD-1 expression level
implies a lower degranulation capacity of NK cells [19]. The strong negative correlation
between PD-1 expression and the NK cell degranulation level, which we found in the ICU
patient group, supports this notion (Figure 7a). Indeed, PD-1 surface expression should be
considered as evidence of NK cell exhaustion.

NK-cell-mediated target elimination is based on a balance between activation and
inhibition signals depending on the engagement of multiple activating and inhibitory
receptors. The NK-cell-activating receptors, such as NKG2D and CD16, are involved in
the interaction with SARS-CoV-2-infected cells. A decrease in the NKG2D expression level
in NK cells was reported in COVID-19 [27]. Furthermore, increased circulating levels of
IL-6 may contribute to low NKG2D expression [58]. A proteomic analysis showed that
NKG2D ligands such as MICA and ULBP2 decrease during SARS-CoV-2 infection in cell
line models [59]. On the other hand, an increase in the soluble MICA concentration in
plasma samples obtained from COVID-19 patients compared to healthy volunteers was
also reported [60]. The hyperactivation of NKG2D* NK cells via soluble stress molecules
may cause the impaired functional response of NK cells [61]. Interestingly, NKG2D is able
to interact with a SARS-CoV-2-derived peptide, which influences NK cells” activation [62].

NK cell ADCC apparently plays an important role in the COVID-19 immune re-
sponse [63]. Expression of CD16 is decreased during acute COVID-19 [17,64]. It was
noticed that patients with the high-affinity allele of the CD16 receptor were more suscepti-
ble to hospitalization during COVID-19 disease. Moreover, 50% of the patients with lethal
outcomes were homozygous for the high-affinity allele [65]. We showed that the NKG2D*
and CD16" NK cell subsets were decreased in ICU patients as compared to healthy donors.
Additionally, we found that the decrease in CD16* and NKG2D* NK cells is a coordinated
process in COVID-19 patients. Furthermore, ICU patients with lethal outcomes had signifi-
cantly less NKG2D* NK cells, and there was a tendency towards a decrease in CD16* NK
cell levels in samples from these patients (Figure 5). Taken together, our data reveal that
NK cells from ICU patients with lethal outcomes are characterized by the loss of NKG2D-
and CD16-activating receptor expression on their surface.

Substantial changes in the antiviral NK cell response may occur via alterations in the
surface expression of the inhibitory receptors, such as NKG2A and KIR2DL2/DL3. In an
early work describing immune cells in COVID-19, an increase in the NKG2A expression
level was reported [66]. Increased expression of NKG2A by NK cells in COVID-19 was
considered as a signal of the depletion and inhibition of the antiviral immune response [8].
It was shown that NK cells expressing NKG2A were activated in patients with COVID-19
due to the interactions of the NKG2A receptors with the HLA-E molecules, presenting a
SARS-CoV-2 Nspl3-encoded peptide. These interactions abrogated NKG2A-mediated NK
cell inhibition and were able to restrain SARS-CoV-2 replication in vitro [67]. In our work,
we did not find statistically significant differences in NKG2A expression levels between the
studied groups (Figure 5). We also observed no differences in the expression of inhibitory
KIR2DL2/DL3 receptors on NK cells, both in the COVID-19 patients and healthy donors.
Our data are consistent with those obtained by other groups [10,11].
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The role of the so-called adaptive NK cells in the development of COVID-19—in partic-
ular, the effect of the long-lived adaptive NK cells associated with HCMYV, which are present
in the blood of a significant proportion of healthy HCMV-seropositive people—remains
insufficiently studied. The involvement of this NK cell pool, often expressing NKG2C [34],
in the pathogenesis of COVID-19 is difficult to study without knowing the size and prop-
erties of this cell subset prior to the COVID-19 disease. It was previously shown that an
increased proportion of highly differentiated NK cells with a reduced FceRy expression
level distinguished lethal patients from those who recovered [26]. Later, it was reported that
FceRy-negative NK cells are characterized by reduced proliferative activity [36]. According
to our data, a decreased NKp30 expression level also differentiated NK cells among samples
from non-survivors and recovered patients in the severe COVID-19 group. With a high
degree of certainty, we describe the same subset of adaptive NK cells that have undergone
significant epigenetic changes. The absence of any correlations between the proportions
of NKp30*, CD57*, and NKG2C* NK cells in the group of severe COVID-19 patients evi-
denced that the adaptive-like NK cell subset had apparently not formed during the disease.
It is unclear whether NK cells expressing NKG2C are an aggravating factor in COVID-19
pathogenesis. On the one hand, the absence of the KLRC2 gene encoding NKG2C has
been shown to increase the risk of severe COVID-19 [37]. On the other hand, Maucourant
et al. reported an increased level of NKG2C*CD57+CD56%™ NK cells in patients with
severe COVID-19, although the cohort in their study included only 17 patients [10]. In
another study, the level of NKG2C expression did not correlate with the level of FceRly
expression [36]. In our work, a reduced proportion of NKp30*™ NK cells in the COVID-19
patients with lethal outcomes was not accompanied by an increase in NKG2C expression.
Rather, a trend towards a decreased proportion of NKG2C* NK cells in non-survivors
compared to the recovered patients was observed (Figure 6). Moreover, higher content of
NKG2C* NK cells was recorded in the group of moderate patients as compared to other
groups. Additional correlations found between the proportions of NKG2C*, CD57*, and
NKp30* NK cells in moderate patients and convalescents may indicate the coordinated
expression of these molecules and the formation of a NKG2C*CD57*NKp30~ NK cell pool.
We previously showed that the less differentiated NKG2C* precursors of the adaptive NK
cells have increased proliferative potential [68]. A multi-omics study found a proliferating
subset of NK cells increasing from mild to moderate COVID-19 disease, reflecting NK cell
activation and differentiation in response to the SARS-CoV-2 virus [69]. It can be suggested
that a proliferative response involving NKG2C* NK cells, actively producing granzyme B
(Figure 7d), may play a positive role in COVID-19 outcome. Higher content of granzyme B
in NKG2C* NK cells was shown in our previous work in a healthy cohort [68]. It should
be also noted that the SARS-CoV-2 Spike protein is supposed to be involved in the overex-
pression of the HLA-E molecule in the immune and stromal cells in the bronchoalveolar
lavage fluids of COVID-19 patients [70]. HLA-E is the ligand for both NKG2A and NKG2C
receptors; thus, further studies of SARS-CoV-2-specific interactions of these receptors with
their ligands are needed.

The cytotoxic activity of NK cells is their essential characteristic, which reflects the
cell activation state. An elevated level of granzyme B is usually considered as evidence
of the maturity of NK cells and their ability to induce cytotoxicity. An increase in the
proportion of granzyme-B-expressing NK cells during COVID-19 has been reported in
several studies [10,71]. We also observed higher levels of granzyme B* NK cells in the
ICU patient group compared to moderate-severity COVID-19 patients and CCP donors
(Figure 7). The increase in granzyme B levels in NK cells may be partially mediated by
pro-inflammatory cytokines actively produced during COVID-19, such as IL-15.

It was reported earlier that, despite the elevated intracellular concentrations of
granzyme B, NK cells in COVID-19 are cytotoxically dysfunctional [15]. In our study,
we also observed significantly decreased K562-induced degranulation in NK cells from
COVID-19 patients (Figure 7). A decreased NKG2D level in both ICU and moderate disease
severity groups, and correlations found between the degranulation activity, NKG2D, and
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PD-1 expression levels, strongly support the idea that NKG2D loss is involved in the natural
cytotoxicity failure and the exhausted state of NK cells during COVID-19. Dysfunction of
NK cells may be also caused by the increased production of anti-inflammatory cytokines,
such as TGFf3, during COVID-19 [7].

Taken together, and in line with previously published data, we demonstrate the
coordinated loss of activation receptors and acquisition of exhaustion- and adaptivity-
associated markers by NK cells accompanied by generalized cytokine dysregulation in
COVID-19 patients, as summarized in Figure 8.
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Figure 8. Scheme summarizing the results obtained in the work. Left part represents the main
effects of SARS-CoV-2 and cytokines on NK cells” phenotype and functional activity (adaptive-like
subset, activation, and exhaustion). Middle and right parts represent the results of the study, where
the significant changes in NK cell markers are highlighted by arrows, and positive and negative
correlations are listed for moderate and severe COVID-19 patients.

4. Materials and Methods
4.1. Patient and Donor Characteristics

The collection of blood samples from patients and healthy donors was carried out
based on the Federal Research and Clinical Center for Specialized Types of Medical Care
and Medical Technologies (FMBA). Written informed consent to participate in the study
was received from each individual.

Criteria for the inclusion of a patient in the study: the presence of SARS-CoV-2 in-
fection, confirmed by PCR examination of a sample obtained from the upper respiratory
tract and/or by clinical and radiological symptoms (presence of a characteristic clinical
picture and characteristic signs of polysegmental viral pneumonia, corresponding to the
classification of CT2-CT3-CT4 COVID-19). Saturation level SpO2 < 93%, being on inter-
mittent mandatory ventilation (IMV), treatment in the pulmonology department of the
Federal Scientific and Practical Center of the Federal Medical and Biological Agency, the
absence or presence of unfavorable factors for a severe course of disease (diabetes mellitus,
obesity, CVD, and other comorbid conditions that worsen the probability of recovery) did
not prevent patients from being included in the study. The criterion for exclusion from the
study was the presence of either a blood disease or an oncological disease.
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The following comparison groups were formed: (1) 34 COVID-19 patients staying
in the intensive care unit (ICU patients) (aged from 30 to 82 years, median age 61 years;
SD =+ 11.5; 60% male); (2) 28 patients with moderate COVID-19 (moderate severity) (aged
from 23 to 93 years, median age 59 years; SD =+ 17.5; 64% male); (3) 33 COVID-19 convales-
cent plasma donors (CCP donors), recovered from COVID-19 less than a month previously,
with a high SARS-CoV-2-specific antibody titer in plasma (aged from 33 to 54 years, median
age 45 years; SD =+ 6.8; 60% male); (4) 48 healthy donors—a group of volunteers who had
not suffered COVID-19 in the past 6 months (aged from 28 to 73 years, median age 40 years;
SD + 14.3; 41% male).

4.2. Sample Collection

To isolate the peripheral blood mononuclear cells (PBMC), blood samples were col-
lected in EDTA-containing test tubes and centrifuged in a Ficoll gradient with a density of
1.077 g/cm?3. Plasma samples were collected and stored at —80 °C until further analysis.
Obtained PBMC samples were immediately analyzed by flow cytometry.

4.3. Phenotype and Viability Analysis

PBMC samples were stained with the fluorochrome-conjugated monoclonal anti-
bodies, which are shown in Supplementary Table S1. The following mouse anti-human
fluorescent-labeled antibodies were used for surface cell staining: NKG2C-FITC (clone
REA205, Miltenyi Biotec, Bergisch Gladbach, Germany), HLA-DR-PE (clone L243, Sony
Biotechnology, San Jose, CA, USA), CD3-PerCP (clone HIT3a, Sony Biotechnology San Jose,
CA, USA), CD3-FITC (clone FIT3a, Sony Biotechnology, San Jose, CA, USA), CD3-Vioblue
(clone BW264/56, Miltenyi Biotec, Bergisch Gladbach, Germany), CD56-APC-Vio770 (clone
REA196, Miltenyi Biotec, Bergisch Gladbach, Germany), CD56-APC (clone N901, Beckman
Coulter, Brea, CA, USA), KIR2DL2/L3-APC (clone DX27, Sony Biotechnology, San Jose,
CA, USA), CD45-VioBlue (clone REA747 Miltenyi Biotec, Bergisch Gladbach, Germany),
CD57-APC (clone HNK-1, Sony Biotechnology, San Jose, CA, USA), CD14-PE-Cy7 (Miltenyi
Biotec, Bergisch Gladbach, Germany), NKp30-PE (clone P30-15, Sony Biotechnology, San
Jose, CA, USA), NKG2D-PE (clone 1D11, Sony, Sony Biotechnology, San Jose, CA, USA),
CD45-PerCP (clone 2D1, Sony Biotechnology, San Jose, CA, USA), CD16-APC (Miltenyi
Biotec, Bergisch Gladbach, Germany), PD-1-Alexa Fluor 647 (clone EH12.2H7, BioLegend,
San Diego, CA, USA). FMO controls were performed for mouse anti-human fluorescent-
labeled antibodies (Figures S3 and 7c). In addition to monoclonal antibodies, staining with
SytoxBlue Dead Cell stain was performed (Invitrogen, Waltham, MA, USA).

Samples were analyzed using a MACSQuant 10 flow cytometer (Miltenyi Biotec,
Bergisch Gladbach, Germany) equipped with lasers A = 405 nm, A = 488 nm, A = 635 nm;
threshold was set to cut-off events with low CD45 staining.

4.4. Granzyme B Staining

PBMC samples were fixed with a kit for cell fixation and permeabilization (Miltenyi
Biotec, Bergisch Gladbach, Germany); after this, intracellular staining with Alexa Fluor
647-labeled antibodies to granzyme B (clone GB11, BioLegent, San Diego, CA, USA) was
performed. Cells were analyzed by flow cytometry.

4.5. Functional Test

Analysis of the natural cytotoxic activity of NK cells was conducted in PBMC samples
by estimation of the NK cell degranulation level by flow cytometry. PMBCs were stimulated
overnight with IL-2, 500 U/mL (Sci-Store, Moscow, Russia). Degranulation was determined
by the level of expression of the lysosomal marker LAMP-1 (CD107a) using CD107a-VioBlue
monoclonal antibody (clone REA792, Miltenyi Biotec, Bergisch Gladbach, Germany), as
described earlier [71]. To prevent fluorescence inactivation due to the reuptake of vesicles
containing LAMP-1 molecules, 10 mg/mL monensin was used (ICN Biomedical, Erie,
PA, USA), which blocks intracellular transport from the endoplasmic reticulum to the
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Golgi apparatus. K562 target cells were added to NK cells in a 1:1 ratio. After 4 h of
incubation, cells were labeled with fluorescent-labeled monoclonal antibodies to CD14,
CD45, CD56, CD3, NKG2C and analyzed by flow cytometry. NK cells were identified as
CD3~CD56" cells.

4.6. Cytokine Production

Unbiased analysis of serum cytokine production was performed using Luminex xMAP
multiplex technology and the MILLIPLEX MAP Human Cytokine/Chemokine Magnetic
Bead Panel Kit, according to the manufacturer’s standard protocol (Merck, Rahway, NJ,
USA). Data processing was carried out using Belysa software v1.1.0 (Merck, Rahway, NJ,
USA) at the Resource Center “Cell Technology and Immunology”, Sirius University of
Science and Technology.

4.7. Statistical Analysis

The data were analyzed using FlowJo X 10.0.7r2 (FlowJo LLC, Ashland, OR, USA)
and GraphPad Prism 8.00 software (StatSoft Inc., Tulsa, OK, USA) and presented as
mean = standard deviation. Statistical analysis for parametric samples was carried out
using the ANOVA test for multiple comparisons; Kruskal-Wallis test was used for nonpara-
metric samples. For paired data, paired two-sample Student {-test or the Wilcoxon signed
rank test were used. The value of p < 0.05 was considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24031996/s1.

Author Contributions: Conceptualization, M.A.S., S.A. K., GM.Y. and E.LK,; formal analysis, M.O.U.,
JD.V,S.AK, LMK, RN.I, E.O.G. and M.S.D,; funding acquisition, E.LK.; investigation, M.O.U.,
JD.V, A AB,MAS,SAK,LMK,RN.I, EO.G. and M.S.D.; methodology, M.A.S., LM.K. and
E.IK,; project administration, E.IK.; resources, M.V.B., O.A.Z., ON.N., A.G.S.,, GM.Y. and V.P.B,; su-
pervision, AM.S., GM.Y,, VP.B. and E.LK ; visualization, M.O.U., ].D.V. and M.A.S.; writing—original
draft, M.O.U., ].D.V. and A.A.B.; writing—review and editing, S.A.K., M.5.D. and E.LK. All authors
have read and agreed to the published version of the manuscript.

Funding: The study was financially supported by the Russian Science Foundation (Project No.
22-15-00503). Cytokine profiling was supported by grant 075-15-2019-1660 from the Ministry of
Science and Higher Education of the Russian Federation.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the local ethics committee of the Federal State Budgetary Institution
Federal Scientific and Practical Center of the Federal Medical and Biological Agency (No. 4, dated
28 April 2020).

Informed Consent Statement: All participants provided written informed consent for the study.
Data Availability Statement: Data are available on request.

Conflicts of Interest: The authors declare the absence of obvious and potential conflicts of interest
related to the publication of this article.

1.  COVID Live-Coronavirus Statistics-Worldometer. Available online: https://www.worldometers.info/coronavirus/ (accessed on

22 April 2022).

2. Platto, S.; Xue, T.; Carafoli, E. COVID19: An Announced Pandemic. Cell Death Dis. 2020, 11, 799. [CrossRef]

3. Camporota, L.; Chiumello, D.; Busana, M.; Gattinoni, L.; Marini, J.J. Pathophysiology of COVID-19-Associated Acute Respiratory
Distress Syndrome. Lancet Respir. Med. 2021, 9, el. [CrossRef]

4. Bjorkstrom, N.K,; Strunz, B.; Ljunggren, H.G. Natural Killer Cells in Antiviral Immunity. Nat. Rev. Immunol. 2022, 22, 112.

[CrossRef] [PubMed]

5. di Vito, C.; Calcaterra, F.; Coianiz, N.; Terzoli, S.; Voza, A.; Mikulak, J.; della Bella, S.; Mavilio, D. Natural Killer Cells in
SARS-CoV-2 Infection: Pathophysiology and Therapeutic Implications. Front. Immunol. 2022, 13, 888248. [CrossRef] [PubMed]
6.  Bi, J. NK Cell Dysfunction in Patients with COVID-19. Cell Mol. Immunol. 2022, 19, 127-129. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms24031996/s1
https://www.mdpi.com/article/10.3390/ijms24031996/s1
https://www.worldometers.info/coronavirus/
http://doi.org/10.1038/s41419-020-02995-9
http://doi.org/10.1016/S2213-2600(20)30505-1
http://doi.org/10.1038/s41577-021-00558-3
http://www.ncbi.nlm.nih.gov/pubmed/34117484
http://doi.org/10.3389/fimmu.2022.888248
http://www.ncbi.nlm.nih.gov/pubmed/35844604
http://doi.org/10.1038/s41423-021-00825-2

Int. . Mol. Sci. 2023, 24, 1996 18 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

Witkowski, M.; Tizian, C.; Ferreira-Gomes, M.; Niemeyer, D.; Jones, T.C.; Heinrich, F; Frischbutter, S.; Angermair, S.; Hohnstein,
T.; Mattiola, I; et al. Untimely TGF Responses in COVID-19 Limit Antiviral Functions of NK Cells. Nature 2021, 600, 295-301.
[CrossRef] [PubMed]

Zheng, M.; Gao, Y.; Wang, G.; Song, G.; Liu, S.; Sun, D.; Xu, Y.; Tian, Z. Functional Exhaustion of Antiviral Lymphocytes in
COVID-19 Patients. Cell Mol. Immunol. 2020, 17, 533. [CrossRef] [PubMed]

Giamarellos-Bourboulis, E.J.; Netea, M.G.; Rovina, N.; Akinosoglou, K.; Antoniadou, A.; Antonakos, N.; Damoraki, G.; Gkavo-
gianni, T.; Adami, M.E.; Katsaounou, P.; et al. Complex Immune Dysregulation in COVID-19 Patients with Severe Respiratory
Failure. Cell Host. Microbe. 2020, 27, 992. [CrossRef]

Maucourant, C.; Filipovic, I.; Ponzetta, A.; Aleman, S.; Cornillet, M.; Hertwig, L.; Strunz, B.; Lentini, A.; Reinius, B,;
Brownlie, D.; et al. Natural Killer Cell Immunotypes Related to COVID-19 Disease Severity. Sci. Immunol. 2020, 5, 6832.
[CrossRef] [PubMed]

Rendeiro, A.F,; Casano, J.; Vorkas, C.K; Singh, H.; Morales, A.; DeSimone, R.A.; Ellsworth, G.B.; Soave, R.; Kapadia, S.N.;
Saito, K.; et al. Profiling of Immune Dysfunction in COVID-19 Patients Allows Early Prediction of Disease Progression. Life Sci.
Alliance 2021, 4, €202000955. [CrossRef]

Jiang, Y.; Wei, X,; Guan, J.; Qin, S.; Wang, Z.; Lu, H.; Qian, J.; Wu, L.; Chen, Y.; Chen, Y.; et al. COVID-19 Pneumonia: CD8+ T
and NK Cells Are Decreased in Number but Compensatory Increased in Cytotoxic Potential. Clin. Immunol. 2020, 218, 108516.
[CrossRef] [PubMed]

Wilk, A.].; Rustagi, A.; Zhao, N.Q.; Roque, ]J.; Martinez-Colén, G.J.; McKechnie, J.L.; Ivison, G.T.; Ranganath, T.; Vergara, R.;
Hollis, T; et al. A Single-Cell Atlas of the Peripheral Immune Response in Patients with Severe COVID-19. Nat. Med. 2020, 26,
1070-1076. [CrossRef] [PubMed]

Carsetti, R.; Zaffina, S.; Piano Mortari, E.; Terreri, S.; Corrente, F.; Capponi, C.; Palomba, P.; Mirabella, M.; Cascioli, S.;
Palange, P; et al. Different Innate and Adaptive Immune Responses to SARS-CoV-2 Infection of Asymptomatic, Mild, and
Severe Cases. Front. Immunol. 2020, 11, 610300. [CrossRef]

Kramer, B.; Knoll, R.; Bonaguro, L.; ToVinh, M.; Raabe, J.; Astaburuaga-Garcia, R.; Schulte-Schrepping, J.; Kaiser, K.M.; Rieke,
G.J.; Bischoff, J.; et al. Early IFN-o Signatures and Persistent Dysfunction Are Distinguishing Features of NK Cells in Severe
COVID-19. Immunity 2021, 54, 2650. [CrossRef] [PubMed]

Rieke, G.J.; van Bremen, K.; Bischoff, J.; Vinh, M.T.; Monin, M.B.; Schlabe, S.; Raabe, J.; Kaiser, K.M.; Finnemann, C.;
Odainic, A.; et al. Induction of NK Cell-Mediated Antibody-Dependent Cellular Cytotoxicity (ADCC) against SARS-CoV-2
after Natural Infection Is More Potent than after Vaccination. J. Infect. Dis. 2022, 225, 1688-1693. [CrossRef]

Li, M.; Guo, W.; Dong, Y.; Wang, X.; Dai, D.; Liu, X.; Wu, Y;; Li, M.; Zhang, W.; Zhou, H.; et al. Elevated Exhaustion Levels of NK
and CD8+ T Cells as Indicators for Progression and Prognosis of COVID-19 Disease. Front. Immunol. 2020, 11, 580237. [CrossRef]
Niedzwiedzka-Rystwej, P.; Majchrzak, A.; Aksak-Was, B.; Serwin, K.; Czajkowski, Z.; Grywalska, E.; Korona-Glowniak, I.;
Roliriski, J.; Parczewski, M. Programmed Cell Death-1/Programmed Cell Death-1 Ligand as Prognostic Markers of Coronavirus
Disease 2019 Severity. Cells 2022, 11, 1978. [CrossRef]

Niu, C.; Li, M,; Zhu, S.; Chen, Y.; Zhou, L.; Xu, D.; Xu, J.; Li, Z.; Li, W.; Cui, ]. PD-1-Positive Natural Killer Cells Have a Weaker
Antitumor Function than That of PD-1-Negative Natural Killer Cells in Lung Cancer. Int. |. Med. Sci. 2020, 17, 1964. [CrossRef]
Yunis, E.J.; Romero, V.; Diaz-Giffero, F.; Zuiiiga, J.; Koka, P. Natural Killer Cell Receptor NKG2A /HLA-E Interaction Dependent
Differential Thymopoiesis of Hematopoietic Progenitor Cells Influences the Outcome of HIV Infection. J. Stem. Cells 2007, 2, 237.
Ljunggren, H.G.; Heggernes Ask, E.; Cornillet, M.; Strunz, B.; Chen, P.; Rao Muvva, ].; Akber, M.; Buggert, M.; Chambers, B.J.;
Cuapio Gomez, A ; et al. The Karolinska KI/K COVID-19 Immune Atlas: An Open Resource for Immunological Research and
Educational Purposes. Scand. |. Immunol. 2022, 96, 13195. [CrossRef]

Bergantini, L.; D’alessandro, M.; Cameli, P; Cavallaro, D.; Gangi, S.; Cekorja, B.; Sestini, P.; Bargagli, E. Nk and t Cell Immunologi-
cal Signatures in Hospitalized Patients with COVID-19. Cells 2021, 10, 3182. [CrossRef] [PubMed]

Vollmers, S.; Lobermeyer, A.; Korner, C. The New Kid on the Block: HLA-C, a Key Regulator of Natural Killer Cells in Viral
Immunity. Cells 2021, 10, 3108. [CrossRef] [PubMed]

Hu, S.; Shao, Z.; Ni, W.; Sun, P.; Qiao, J.; Wan, H.; Huang, Y.; Liu, X.; Zhai, H.; Xiao, M.; et al. The KIR2DL2/HLA-C1C1 Gene
Pairing Is Associated with an Increased Risk of SARS-CoV-2 Infection. Front. Immunol. 2022, 13, 3557. [CrossRef] [PubMed]
Frazao, A.; Rethacker, L.; Messaoudene, M.; Avril, M.E,; Toubert, A.; Dulphy, N.; Caignard, A. NKG2D/NKG2-Ligand Pathway
Offers New Opportunities in Cancer Treatment. Front. Immunol. 2019, 10, 661. [CrossRef] [PubMed]

Lanier, L.L. NKG2D Receptor and Its Ligands in Host Defense. Carncer Immunol. Res. 2015, 3, 575-582. [CrossRef] [PubMed]
Varchetta, S.; Mele, D.; Oliviero, B.; Mantovani, S.; Ludovisi, S.; Cerino, A.; Bruno, R.; Castelli, A.; Mosconi, M.; Vecchia, M.; et al.
Unique Immunological Profile in Patients with COVID-19. Cell Mol. Immunol. 2021, 18, 604—612. [CrossRef]

Wang, W.; Erbe, A K,; Hank, ]J.A.; Morris, Z.S.; Sondel, PM. NK Cell-Mediated Antibody-Dependent Cellular Cytotoxicity in
Cancer Immunotherapy. Front. Immunol. 2015, 6, 386. [CrossRef]

Wu, Y;; Huang, X,; Sun, J.; Xie, T.; Lei, Y.; Muhammad, J.; Li, X.; Zeng, X.; Zhou, E; Qin, H.; et al. Clinical Characteristics and
Immune Injury Mechanisms in 71 Patients with COVID-19. Msphere 2020, 5, €00362-20. [CrossRef]

Yu, Y,; Wang, M.; Zhang, X; Li, S;; Lu, Q.; Zeng, H.; Hou, H; Li, H.; Zhang, M.; Jiang, F; et al. Antibody-Dependent Cellular
Cytotoxicity Response to SARS-CoV-2 in COVID-19 Patients. Signal Transduct. Target. Ther. 2021, 6, 346. [CrossRef]


http://doi.org/10.1038/s41586-021-04142-6
http://www.ncbi.nlm.nih.gov/pubmed/34695836
http://doi.org/10.1038/s41423-020-0402-2
http://www.ncbi.nlm.nih.gov/pubmed/32203188
http://doi.org/10.1016/j.chom.2020.04.009
http://doi.org/10.1126/sciimmunol.abd6832
http://www.ncbi.nlm.nih.gov/pubmed/32826343
http://doi.org/10.26508/lsa.202000955
http://doi.org/10.1016/j.clim.2020.108516
http://www.ncbi.nlm.nih.gov/pubmed/32574709
http://doi.org/10.1038/s41591-020-0944-y
http://www.ncbi.nlm.nih.gov/pubmed/32514174
http://doi.org/10.3389/fimmu.2020.610300
http://doi.org/10.1016/j.immuni.2021.09.002
http://www.ncbi.nlm.nih.gov/pubmed/34592166
http://doi.org/10.1093/infdis/jiac060
http://doi.org/10.3389/fimmu.2020.580237
http://doi.org/10.3390/cells11121978
http://doi.org/10.7150/ijms.47701
http://doi.org/10.1111/sji.13195
http://doi.org/10.3390/cells10113182
http://www.ncbi.nlm.nih.gov/pubmed/34831404
http://doi.org/10.3390/cells10113108
http://www.ncbi.nlm.nih.gov/pubmed/34831331
http://doi.org/10.3389/fimmu.2022.919110
http://www.ncbi.nlm.nih.gov/pubmed/35874712
http://doi.org/10.3389/fimmu.2019.00661
http://www.ncbi.nlm.nih.gov/pubmed/30984204
http://doi.org/10.1158/2326-6066.CIR-15-0098
http://www.ncbi.nlm.nih.gov/pubmed/26041808
http://doi.org/10.1038/s41423-020-00557-9
http://doi.org/10.3389/fimmu.2015.00368
http://doi.org/10.1128/mSphere.00362-20
http://doi.org/10.1038/s41392-021-00759-1

Int. . Mol. Sci. 2023, 24, 1996 19 of 20

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

Lopez-Verges, S.; Milush, J.M.; Schwartz, B.S.; Pando, M.J.; Jarjoura, J.; York, V.A.; Houchins, J.P; Miller, S.; Kang, S.M.;
Norris, PJ.; et al. Expansion of a Unique CD57 +NKG2C Hi Natural Killer Cell Subset during Acute Human Cytomegalovirus
Infection. Proc. Natl. Acad. Sci. USA 2011, 108, 14725-14732. [CrossRef]

Schlums, H.; Cichocki, E.; Tesi, B.; Theorell, J.; Beziat, V.; Holmes, T.D.; Han, H.; Chiang, S.C.C.; Foley, B.; Mattsson, K; et al.
Cytomegalovirus Infection Drives Adaptive Epigenetic Diversification of NK Cells with Altered Signaling and Effector Function.
Immunity 2015, 42, 443-456. [CrossRef] [PubMed]

Guma, M.; Budt, M; Sdez, A.; Brckalo, T.; Hengel, H.; Angulo, A.; Lépez-Botet, M. Expansion of CD94/NKG2C+ NK Cells in
Response to Human Cytomegalovirus-Infected Fibroblasts. Blood 2006, 107, 3624-3631. [CrossRef] [PubMed]

Geary, C.D.; Sun, ].C. Memory Responses of Natural Killer Cells. Semin. Immunol. 2017, 31, 11-19. [CrossRef] [PubMed]
Shemesh, A.; Su, Y.; Calabrese, D.R.; Chen, D.; Arakawa-Hoyt, J.; Roybal, K.T.; Heath, J.R.; Greenland, J.R.; Lanier, L.L. Diminished
Cell Proliferation Promotes Natural Killer Cell Adaptive-like Phenotype by Limiting FceRIy Expression. |. Exp. Med. 2022,
219, €20220551. [CrossRef]

Vietzen, H.; Zoufaly, A.; Traugott, M.; Aberle, J.; Aberle, S.W.; Puchhammer-Stockl, E. Deletion of the NKG2C Receptor Encoding
KLRC2 Gene and HLA-E Variants Are Risk Factors for Severe COVID-19. Genet. Med. 2021, 23, 963. [CrossRef]

Song, ] W.; Zhang, C.; Fan, X,; Meng, EP;; Xu, Z; Xia, P; Cao, WJ.; Yang, T.; Dai, X.P.; Wang, S.Y.; et al. Immunological and
Inflammatory Profiles in Mild and Severe Cases of COVID-19. Nat. Commun. 2020, 11, 3410. [CrossRef]

del Valle, D.M.; Kim-Schulze, S.; Huang, H.H.; Beckmann, N.D.; Nirenberg, S.; Wang, B.; Lavin, Y.; Swartz, T.H.; Madduri, D.;
Stock, A.; et al. An Inflammatory Cytokine Signature Predicts COVID-19 Severity and Survival. Nat. Med. 2020, 26, 1636-1643.
[CrossRef]

Han, H.,; Ma, Q.; Li, C,; Liu, R.; Zhao, L.; Wang, W.; Zhang, P.; Liu, X.; Gao, G.; Liu, F; et al. Profiling Serum Cytokines in
COVID-19 Patients Reveals IL-6 and IL-10 Are Disease Severity Predictors. Emerg. Microbes. Infect. 2020, 9, 1123-1130. [CrossRef]
Wilson, J.G.; Simpson, L.J.; Ferreira, A.M.; Rustagi, A.; Roque, J.; Asuni, A.; Ranganath, T.; Grant, PM.; Subramanian, A.;
Rosenberg-Hasson, Y.; et al. Cytokine Profile in Plasma of Severe COVID-19 Does Not Differ from ARDS and Sepsis. JCI Insight
2020, 5, 140289. [CrossRef]

Zhang, F.; Mears, ].R.; Shakib, L.; Beynor, J.I.; Shanaj, S.; Korsunsky, I.; Nathan, A.; Donlin, L.T.; Raychaudhuri, S. IFN-y and
TNF-a Drive a CXCL10+ CCL2+ Macrophage Phenotype Expanded in Severe COVID-19 Lungs and Inflammatory Diseases with
Tissue Inflammation. Genome Med. 2021, 13, 64. [CrossRef]

Kaiser, R.; Leunig, A.; Pekayvaz, K.; Popp, O.; Joppich, M.; Polewka, V.; Escaig, R.; Anjum, A.; Hoffknecht, M.L.; Gold, C.; et al.
Self-Sustaining IL-8 Loops Drive a Prothrombotic Neutrophil Phenotype in Severe COVID-19. JCI Insight 2021, 6, e150862.
[CrossRef] [PubMed]

Demaria, O.; Carvelli, J.; Batista, L.; Thibult, M.-L.; Morel, A.; André, P.; Morel, Y.; Vély, E; Vivier, E. Identification of Druggable
Inhibitory Immune Checkpoints on Natural Killer Cells in COVID-19. Cell. Mol. Immunol. 2020, 17, 995-997. [CrossRef] [PubMed]
Vavilova, ].D.; Boyko, A.A.; Ponomareva, N.V.; Fokin, V.E; Fedotova, E.Y.; Streltsova, M.A.; Kust, S.A.; Grechikhina, M.V,; Bril,
E.V,; Zimnyakova, O.S.; et al. Reduced Immunosenescence of Peripheral Blood T Cells in Parkinson’s Disease with CMV Infection
Background. Int. J. Mol. Sci. 2021, 22, 13119. [CrossRef] [PubMed]

Kovalenko, E.L; Streltsova, M. A.; Kanevskiy, L.M.; Erokhina, S.A.; Telford, W.G. Identification of Human Memory-like NK Cells.
Curr. Protoc. Cytom. 2017, 79, 9.50.1-9.50.11. [CrossRef]

Nielsen, C.M.; White, M.].; Goodier, M.R,; Riley, E.M. Functional Significance of CD57 Expression on Human NK Cells and
Relevance to Disease. Front. Immunol. 2013, 4, 422. [CrossRef]

Bayard, C.; Lepetitcorps, H.; Roux, A.; Larsen, M.; Fastenackels, S.; Salle, V.; Vieillard, V.; Marchant, A.; Stern, M.; Boddaert, J.; et al.
Coordinated Expansion of Both Memory T Cells and NK Cells in Response to CMV Infection in Humans. Eur. J. Immunol. 2016,
46,1168-1179. [CrossRef]

Sintsov, A.V.; Kovalenko, E.I.; Khanin, M.A. Apoptosis Induced by Granzyme B. Bioorg. Khim. 2008, 34, 647-654. [CrossRef]
Wang, J.; Jiang, M.; Chen, X.; Montaner, L.J. Cytokine Storm and Leukocyte Changes in Mild versus Severe SARS-CoV-2 Infection:
Review of 3939 COVID-19 Patients in China and Emerging Pathogenesis and Therapy Concepts. J. Leukoc. Biol. 2020, 108, 17-41.
[CrossRef]

Malengier-Devlies, B.; Filtjens, J.; Ahmadzadeh, K.; Boeckx, B.; Vandenhaute, J.; de Visscher, A.; Bernaerts, E.; Mitera, T.; Jacobs,
C.; Vanderbeke, L.; et al. Severe COVID-19 Patients Display Hyper-Activated NK Cells and NK Cell-Platelet Aggregates. Front.
Immunol. 2022, 13, 861251. [CrossRef]

Liao, M,; Liu, Y;; Yuan, J.; Wen, Y,; Xu, G.; Zhao, J.; Cheng, L.; Li, ].; Wang, X.; Wang, F,; et al. Single-Cell Landscape of
Bronchoalveolar Immune Cells in Patients with COVID-19. Nat. Med. 2020, 26, 842-844. [CrossRef]

Erokhina, S.A.; Streltsova, M.A.; Kanevskiy, L.M.; Grechikhina, M.V.; Sapozhnikov, A.M.; Kovalenko, E.I. HLA-DR-Expressing
NK Cells: Effective Killers Suspected for Antigen Presentation. J. Leukoc. Biol. 2021, 109, 327-337. [CrossRef] [PubMed]
Swaminathan, S.; Qiu, J.; Rupert, A.W.; Hu, Z.; Higgins, J.; Dewar, R.L.; Stevens, R.; Rehm, C.A.; Metcalf, J.A.; Sherman, B.T.; et al.
Interleukin-15 (IL-15) Strongly Correlates with Increasing HIV-1 Viremia and Markers of Inflammation. PLoS ONE 2016, 11, 167091.
[CrossRef] [PubMed]

Sanchez-de Prada, L.; Gorgojo-Galindo, O.; Fierro, L; Martinez-Garcia, A.M.; de Quintana, G.S.L.; Gutiérrez-Bustillo, R.; Pelaez-
Jarefio, M.T.; Alvarez-Fuente, E.; Gomez-Sanchez, E.; Tamayo, E.; et al. Time Evolution of Cytokine Profiles Associated with
Mortality in COVID-19 Hospitalized Patients. Front. Immunol. 2022, 13, 946730. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.1110900108
http://doi.org/10.1016/j.immuni.2015.02.008
http://www.ncbi.nlm.nih.gov/pubmed/25786176
http://doi.org/10.1182/blood-2005-09-3682
http://www.ncbi.nlm.nih.gov/pubmed/16384928
http://doi.org/10.1016/j.smim.2017.08.012
http://www.ncbi.nlm.nih.gov/pubmed/28863960
http://doi.org/10.1084/jem.20220551
http://doi.org/10.1038/s41436-020-01077-7
http://doi.org/10.1038/s41467-020-17240-2
http://doi.org/10.1038/s41591-020-1051-9
http://doi.org/10.1080/22221751.2020.1770129
http://doi.org/10.1172/jci.insight.140289
http://doi.org/10.1186/s13073-021-00881-3
http://doi.org/10.1172/jci.insight.150862
http://www.ncbi.nlm.nih.gov/pubmed/34403366
http://doi.org/10.1038/s41423-020-0493-9
http://www.ncbi.nlm.nih.gov/pubmed/32612152
http://doi.org/10.3390/ijms222313119
http://www.ncbi.nlm.nih.gov/pubmed/34884936
http://doi.org/10.1002/cpcy.13
http://doi.org/10.3389/fimmu.2013.00422
http://doi.org/10.1002/eji.201546179
http://doi.org/10.1134/S1068162008060010
http://doi.org/10.1002/JLB.3COVR0520-272R
http://doi.org/10.3389/fimmu.2022.861251
http://doi.org/10.1038/s41591-020-0901-9
http://doi.org/10.1002/JLB.3RU0420-668RR
http://www.ncbi.nlm.nih.gov/pubmed/32421903
http://doi.org/10.1371/journal.pone.0167091
http://www.ncbi.nlm.nih.gov/pubmed/27880829
http://doi.org/10.3389/fimmu.2022.946730
http://www.ncbi.nlm.nih.gov/pubmed/36238287

Int. . Mol. Sci. 2023, 24, 1996 20 0f 20

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Schonrich, G.; Raftery, M.]. The PD-1/PD-L1 Axis and Virus Infections: A Delicate Balance. Front. Cell Infect. Microbiol. 2019,
9,207. [CrossRef] [PubMed]

Judge, SJ.; Dunai, C.; Aguilar, E.G,; Vick, S.C.; Sturgill, I.R.,; Khuat, L.T.; Stoffel, K.M.; van Dyke, J.; Longo, D.L.;
Darrow, M.A.; et al. Minimal PD-1 Expression in Mouse and Human NK Cells under Diverse Conditions. ]. Clin. Invest.
2020, 130, 3051-3068. [CrossRef]

Kandeel, E.Z.; Refaat, L.; Bayoumi, A.; Nooh, H.A.; Hammad, R.; Khafagy, M.; Abdellateif, M.S. The Role of Lymphocyte Subsets,
PD-1, and FAS (CD95) in COVID-19 Cancer Patients. Viral. Immunol. 2022, 35, 491-502. [CrossRef]

Osman, M.S.; van Eeden, C.; Cohen Tervaert, ].W. Fatal COVID-19 Infections: Is NK Cell Dysfunction a Link with Autoimmune
HLH? Autoimmun. Rev. 2020, 19, 102561. [CrossRef]

Fielding, C.A.; Sabberwal, P.; Williamson, ].C.; Greenwood, E.].D.; Crozier, TW.M.; Zelek, W.; Seow, J.; Graham, C.; Huettner, L;
Edgeworth, ].D.; et al. SARS-CoV-2 Host-Shutoff Impacts Innate NK Cell Functions, but Antibody-Dependent NK Activity Is
Strongly Activated through Non-Spike Antibodies. Elife 2022, 11, 74489. [CrossRef]

de Biasi, S.; Meschiari, M.; Gibellini, L.; Bellinazzi, C.; Borella, R.; Fidanza, L.; Gozzi, L.; lannone, A.; lo Tartaro, D.;
Mattioli, M.; et al. Marked T Cell Activation, Senescence, Exhaustion and Skewing towards TH17 in Patients with COVID-19
Pneumonia. Nat. Commun. 2020, 11, 3434. [CrossRef]

Zwirner, N.W.; Fuertes, M.B.; Girart, M.V.; Domaica, C.I; Rossi, L.E. Cytokine-Driven Regulation of NK Cell Functions in Tumor
Immunity: Role of the MICA-NKG2D System. Cytokine Growth Factor Rev. 2007, 18, 159-170. [CrossRef]

Kim, H.; Byun, J.E.; Yoon, S.R.; Koohy, H.; Jung, H.; Choi, I. SARS-CoV-2 Peptides Bind to NKG2D and Increase NK Cell. Cell
Immunol. 2022, 371, 104454. [CrossRef] [PubMed]

Hagemann, K.; Riecken, K.; Jung, ].M.; Hildebrandt, H.; Menzel, S.; Bunders, M.].; Fehse, B.; Koch-Nolte, F.; Heinrich, E;
Peine, S.; et al. Natural Killer Cell-mediated ADCC in SARS-CoV-2-infected Individuals and Vaccine Recipients. Eur. J. Immunol.
2022, 52, 1297. [CrossRef] [PubMed]

Herrera, L.; Martin-Inaraja, M.; Santos, S.; Inglés-Ferrandiz, M.; Azkarate, A.; Perez-Vaquero, M.A.; Vesga, M.A.; Vicario, J.L.;
Soria, B.; Solano, C.; et al. Identifying SARS-CoV-2 “memory” NK Cells from COVID-19 Convalescent Donors for Adoptive Cell
Therapy. Immunology 2022, 165, 234-249. [CrossRef] [PubMed]

Vietzen, H.; Danklmaier, V.; Zoufaly, A.; Puchhammer-Stockl, E. High-Affinity FcyRIIla Genetic Variants and Potent NK Cell-
Mediated Antibody-Dependent Cellular Cytotoxicity (ADCC) Responses Contributing to Severe COVID-19. Genet. Med. 2022,
24,1449. [CrossRef]

Antonioli, L.; Fornai, M.; Pellegrini, C.; Blandizzi, C. NKG2A and COVID-19: Another Brick in the Wall. Cell Mol. Immunol. 2020,
17, 672—-674. [CrossRef]

Hammer, Q.; Dunst, J.; Christ, W.; Picarazzi, F.; Wendorff, M.; Momayyezi, P, Huhn, O.; Netskar, HK.; Maleki, K.T.;
Garcia, M.; et al. SARS-CoV-2 Nsp13 Encodes for an HLA-E-Stabilizing Peptide That Abrogates Inhibition of NKG2A-Expressing
NK Cells. Cell Rep. 2022, 38, 110503. [CrossRef]

Kobyzeva, P.A,; Streltsova, M. A ; Erokhina, S.A.; Kanevskiy, L.M.; Telford, W.G.; Sapozhnikov, A.M.; Kovalenko, E.I. CD56dim
CD57- NKG2C+ NK Cells Retaining Proliferative Potential Are Possible Precursors of CD57+ NKG2C+ Memory-like NK Cells.
J. Leukoc. Biol. 2020, 108, 1379-1395. [CrossRef]

Su, Y.; Chen, D.; Yuan, D.; Lausted, C.; Choi, J.; Dai, C.L.; Voillet, V.; Duvvuri, V.R.; Scherler, K.; Troisch, P.; et al. Multi-Omics
Resolves a Sharp Disease-State Shift between Mild and Moderate COVID-19. Cell 2020, 183, 1479-1495.€20. [CrossRef]
Bortolotti, D.; Gentili, V.; Rizzo, S.; Rotola, A.; Rizzo, R. SARS-CoV-2 Spike 1 Protein Controls Natural Killer Cell Activation via
the HLA-E/NKG2A Pathway. Cells 2020, 9, 1975. [CrossRef]

Zenarruzabeitia, O.; Astarloa-Pando, G.; Terrén, I.; Orrantia, A.; Pérez-Garay, R.; Seijas-Betolaza, I.; Nieto-Arana, J.; Imaz-Ayo,
N.; Pérez-Fernandez, S.; Arana-Arri, E.; et al. T Cell Activation, Highly Armed Cytotoxic Cells and a Shift in Monocytes CD300
Receptors Expression Is Characteristic of Patients with Severe COVID-19. Front. Immunol. 2021, 12, 655934. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3389/fcimb.2019.00207
http://www.ncbi.nlm.nih.gov/pubmed/31263684
http://doi.org/10.1172/JCI133353
http://doi.org/10.1089/vim.2022.0036
http://doi.org/10.1016/j.autrev.2020.102561
http://doi.org/10.7554/eLife.74489
http://doi.org/10.1038/s41467-020-17292-4
http://doi.org/10.1016/j.cytogfr.2007.01.013
http://doi.org/10.1016/j.cellimm.2021.104454
http://www.ncbi.nlm.nih.gov/pubmed/34773897
http://doi.org/10.1002/eji.202149470
http://www.ncbi.nlm.nih.gov/pubmed/35416291
http://doi.org/10.1111/imm.13432
http://www.ncbi.nlm.nih.gov/pubmed/34775592
http://doi.org/10.1016/j.gim.2022.04.005
http://doi.org/10.1038/s41423-020-0450-7
http://doi.org/10.1016/j.celrep.2022.110503
http://doi.org/10.1002/JLB.1MA0720-654RR
http://doi.org/10.1016/j.cell.2020.10.037
http://doi.org/10.3390/cells9091975
http://doi.org/10.3389/fimmu.2021.655934

	Introduction 
	Results 
	Severe COVID-19 Is Accompanied by the Depletion of Circulating Lymphocytes and a Decrease in the Content and Viability of NK Cells 
	NK Cells in COVID-19 Show an Activated Profile with Signs of Exhaustion 
	Reduced Expression of NKG2D and CD16 Receptors Is Observed on the Surface of NK Cells during COVID-19 
	Increased NKG2C Expression Accompanies the Formation of Adaptive-like NK Cells in Moderate COVID-19, While in Severe COVID-19, Lethal Outcome Is Associated with a Decrease in the NKp30+ NK Cell Proportion 
	NK Cells Demonstrate an Increased Level of Granzyme B and Decreased K562-Cell-Induced Degranulation in COVID-19 

	Discussion 
	Materials and Methods 
	Patient and Donor Characteristics 
	Sample Collection 
	Phenotype and Viability Analysis 
	Granzyme B Staining 
	Functional Test 
	Cytokine Production 
	Statistical Analysis 

	References

