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Abstract: NK cells have usually been defined as cells of the innate immune system, although they
are also involved in adaptative responses. These cells belong to the innate lymphocyte cells (ILC)
family. They remove unwanted cells, tumoral cells and pathogens. NK cells are essential for viral
infection clearance and are involved in tolerogenic responses depending on the dynamic balance of
the repertoire of activating and inhibitory receptors. NK plasticity is crucial for tissue function and
vigilant immune responses. They directly eliminate virus-infected cells by recognising viral protein
antigens using a non-MHC dependent mechanism, recognising viral glycan structures and antigens
by NCR family receptors, inducing apoptosis by Fas-Fas ligand interaction, and killing cells by
antibody-dependent cell cytotoxicity via the FeyIll receptor. Activating receptors are responsible for
the clearance of virally infected cells, while inhibitory KIR receptor activation impairs NK responses
and facilitates virus escape. Effective NK memory cells have been described and characterised by a
low NKG2A and high NKG2C or NKG2D expression. NK cells have also been used in cell therapy. In
SARS-CoV-2 infection, several contradicting reports about the role of NK cells have been published.
A careful analysis of the current data and possible implications will be discussed.

Keywords: NK cells; memory NK cells; SARS-CoV-2 infection; antiviral response; killing inhibitory
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1. NK Biology and Function

NK cells are usually defined as immune cells that belong to the innate immune
response [1-4]. They were described as cells capable of killing several tumour cell lines
without previous antigen presentation [1-4]. It was shown then that NK cells lack the TCR
and BCR receptors capable of binding specific antigens, and consequently, it was assumed
that these cells lack antigen recognition [1-4]. This definition has changed in the latest
years due to the increasing evidence of memory responses of NK cells in animal models
and humans [5].

In humans, NK cells are divided into two main subpopulations CD56bright/CD16dim
and CD56dim/CD16bright [1-4]. The first is composed of cooperative and tolerogenic cells,
and the second is more cytotoxic against tumours or virus-infected cells [1-4]. However,
NK cell functionality depends on signal transduction generated by killing receptors (NCR),
killer immunoglobulin-like receptors (KIR), integrin and selectin expression, and cytotoxic
receptor expression [1-5]. There are several populations of tissue-resident NK cells: uterine,
decidual, adipose, lung, liver, spleen, tonsil, gut [1-6]. The antigens of these cells depend
on tissue; for example, CD56dim/CD16bright NK cells are more prevalent in the lungs than
the CD56bright/CD16dim positive cells and the CD56bright, CD16low, NKG2A /CD9%4,
CD49a+, NCR1+, integrin 37+, CD117+, DX5—, which are located in the uterus [1-9].

There is a consensus in mouse models that NK cells are part of the innate lymphoid
cell populations (ILC1, ILC2 and ILC3), and these cells are essential in many immune cell
responses [3-10]. These cells are important for immune response against pathogens [3-10].
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NK cells’ role in compensating cell responses were observed in the immunodeficient
RAG ng/neg mice with impaired T and B lymphocyte responses [3-13]. The recognition
of several viruses and viral antigens in this mice strain has led to the conclusion that NK
cells respond to antigen and are activated by recalled antigens. It can be concluded that
the response to an antigen is not dependent on the strick immunoglobulin domain type of
receptors, suggesting that NK binding to antigen does not follow the same pattern. The
KIR receptor family members and CD9%4 are crucial in tumour antigen binding [3-13]. In
humans, the analysis of ILC and NK cells is still under scrutiny primarily due to NK cell
plasticity and tissue involvement [14].

In patients who have undergone marrow transplants, NK cells are the first lymphocyte
cell population to be replenished. In antibody production, NK cells may cooperate with B
cells, which enhances cell immune response in several events, from pathogen elimination to
cancer immune vigilant responses [1-13]. NK cells contribute to controlling viral infections
and cooperate or compensate for CD8 antiviral activity [8,13-15]. In the present review, the
role of NK cells in several viral infections will be addressed, as well as the particular part
of NK cells in SARS-CoV-2 infection.

Table 1 illustrates the different receptors involved in NK cell activation and inhibition
involved in pathogen elimination in mouse and human cells. Several factors modulate the
receptor expressions depending on the type of NK cell subpopulation, the bystander cells
or tissue cells and or the presence of cytokines [4,15-17]. The difference between mouse
and human NK cells is relevant; however, the CD94/NK2G complex is similar [4,15-17].
The importance of non-MHC is dependent on recognition of antigens and the LY /KIR
receptors [15-17]. Recognition of viral antigens and glycan-binding inter-actions is also
crucial in NK cell function since glycan-binding may prime NK cells similarly to NKT
cells [15-17]. However, the exact structure of glycans involved in different responses is still
a matter of discussion.

Figure 1 represents the general expression of receptors in human peripheral blood NK
cells and some tissue NK cells. A general overview of signal transduction of human NK
cells is observed in Figure 2.
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Figure 1. Different NK cell populations. The figure represents some NK cell populations. Peripheral
blood (PB) circulating NK cells are defined by CD56 or CD16 antigen. The adaptative NK cell can
present different antigens depending on the stimulating factors, CD16 or CD56. However, they may
express NKG2C/D preferentially over NKG2A. For the rest of the subpopulations, the figure includes
the most relevant. The expression of receptors is dependent upon the tissue. The term SLT refers to
NK cells present in small lymphatic tissue.
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Table 1. NK receptors are involved in NK function and pathogen elimination.

Species NK Cell Receptor Natural Cellular Ligand Effect on NK Function
Mouse NCR46 Vlmentm,G\Xlél antigen Activating
RAE1la,b,d, g
NKG2D Hé0a-c, MULT1
DNAM1 CD112, CD155
CD94/NKG2C Qa-1
CD9%4/NKG2E Qa-1
CD16 IeG
LY49D H2Dd
LY49H CMV glycoprotein
Ly49P CMV glycoprotein
CD94/NKG2A Qa-1 Inhibiting
KLRG1 Cadherins (E, N, and R)
LY49A H2Dd, H2Dk
LY491 H2Dk
NK1.1 Lectin
CD244 CD48 Activating/Inhibiting
CD94/NKG2C
CD9%4/NKG2D DAP-12/HLA
MICA A/B, ULPB1-6
NCR30 B7-H6, BAT 3, GAG
Human NCR44 Heparan sulfate, heparin. GAG Activating
NCR46 Vimentin, Viral antigens, GAG
IegG
CD16 HLA-C2
KIR2DS1
KIR2DS2 HLA-C
KIR2DS4 HLA-C
KIR2DS5 HLA-C
KIR3DS1 HLA-B, HLA-F
KIR2DL4 HLA-G
DNAM1 CD112, CD155
NTBA NTB-A, viral antigens
CD9%4/NKG2A HLA-E Inhibiting
KIR3DL1/2 HLA-C
KIR2DL2/3 HLA-B/HLA-C
KIR2DL1 HLA-C
KLRG1 Cadherins (E, N, and R)
ILT2 HLA-E
CD244 CD48 Activating/Inhibiting

The table represents the most ligand and significant biological effects; however, the expression of the receptor
may differ depending on genetic polymorphisms and/or multiple antigen-binding events. GAG corresponds to

glycosaminoglycans, and NTB-A corresponds to NK-T-B-antigen.
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Figure 2. General signal transduction responses in NK cells. The figure represents the general
involved in Nk cell responses. In essence, the difference in NK responses corresponds to the array of
activating and inhibiting receptors. The blue and green lines represent activating signal pathways,
and the red represents inhibitory signals. The green and the blue ways are similar; however, they
depend on the activating receptors, NKG2D, CD160 or NCR. Activating cytokines receptors may
play an important role in priming or enhancing the response of other receptors and the decrease in
inhibitory receptors. Integrins and selecting activate PKC and enhance NK mobility and secretion.

2. Viral Infection and NK Cell Response

There are several specific and nonspecific mechanisms by which NK cells control
viral infection [1-9,13-15]. Specific viral proteins can activate NK cells, recognised by
NCR receptors, KIR receptors, FasL-Fas receptors, or Fc receptor activation (CD16) directly
or through the immune complex [1-9,13-15]. The release of IFN-y, IL-12, or IL-18 can
activate the bystander cells, influencing virus-infected cell elimination. IFN « and f3
produced by the viral exposed cells can also activate them [1-9,13-15]. It has been shown
that viral infections induce antigen-dependent NK cell memory [8,15-18]. Memory cells
are actively primed upon recalled antigen [8,15-18]. Their activation is related to an
enhanced specific cytotoxic response against target cells [8,15-18]. Memory cells lack
NKG2A expression but have an increased expression of NKG2C. Both receptors bind HLA
E molecules; however, it is binding to NKG2A receptors that induces NK cell inhibition and
NKG2C activation [8,15-18]. Figure 2 illustrates the different signal transduction pathways
involved in NK cell activation and their role in virus escape. In essence, combined activation
may prevent the inhibition generated by inhibitory receptors and CD161 [8,15-18].

In mice, the Ly49H+ NK cell population increases after viral infection [13-17]. The
viral response depends on DNAM-1 NKG2D cell activation [13-17]. In addition, antigen
priming depends on the expression NKG2D [11-14]. ILC plays a critical role in eliminating
viruses [12-18]. However, questions arise about the role of tissue-resident ILC in some viral
infections. There is also doubt if the antiviral response depends on a sequence of events
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that will generate a particular lymphocyte subpopulation responsible for the antiviral
response [18].

The interaction of viral antigens, cell antigens expressed in virally infected cells,
and NK receptors are illustrated in Table 2. The table mainly focuses on well-described
interactions and summarised critical antigens and receptors. However, studies on different
antigens and receptors are still evolving based upon responses analysed in virally infected
populations in which age and gender may be relevant [1-19].

Table 2. Viral antigens and NK receptors in different viral infections.

Species Virus Virus Viral Ligand or Virus-Cellular Ligands Nk Cell Receptor
Ly49H/DAP12
m157, m154 (C57]§L/6), Ly491 (129)
MCMV H-2Dk with m04 Ly49P /DAP12
Mouse Virus-induced cell stress ligands: Rael, H60a-c, NKG2D
Multlb
m154 reduces CD48c CD244
Ectromelia v Qa-1b CD94/NKG2E
Influenza A v HA NKp46
pp65, HLA-E. Cell stress ligands: MICA /B,
HCMV ULBP1-4b, CD9%4/NKG2C NKG2D
RL-11, UL118 LILRB1. UL40, UL18 NKp30, FcYR,
HSV gE, gD, gD FcyR KIR2DS4, KIR2DS2,
Pseudorabies v gD, CD300a KIR3DS1
EBV vIL10, HLA-C, HA NKp30, NKp40, NKp46,
Ksv v/MIP-1I, K5, NKG2D
Vaccinia v HA CD112 (DNAM-1 L).
Dengue v Envelope-protein KIR2DS1, NKG2D
West Nile Envelope-protein, Hemagglutinin (HA) CXCR3/CCR3 receptors,
Influenza A v HA-neuraminidase NKG2D
Parainfluenza HA-neuraminidase NKp30, NKp46
Sendai v HA, HA-neuraminidase NKp44
Human Newcastle v HA, HA-neuraminidase NKp44,
Ebola v Viral Glycoprotein NKp46
HCV E-2 protein, Scavenger receptor, NS3, CD81 NKp46
HLA-B NKp44, NKp46
HIV Vpu reduces NKp44, NKp46
NTB-A NKp30
Adenovirus 5 E3/19K NKp30, NKp46,
CD9%4/NKG2C
KIR2DL1/KIR2DL3
KIR3DS1, NKp44, NKp46
Papilloma V E6, E7 NTB-A
NKG2D
KIR2DL1, KIR2DL.2,
KIR2DL3

The table represents the different ligands HA is hemagglutinin. The other viral proteins have been identified
independently.

It has been described that NK cells from CMYV seropositive patients with good cellular
response against the virus have high CD2 expression and low expression of NKG2A, Siglec-
7, NCR3 and FceR1y [5,9,19-21]. Similarly, the higher expression of NKG2C is directly
related to NK cell activation, a higher cytotoxic response, and CD57 expression [22]. These
cell antigens have been associated with NK cell memory [15,17,18]. When NKG2C deficient
individuals are infected with HCMYV, a generation of memory response assessed post bone
transplant suggests that NKG2C positive cells are just a subpopulation of NK memory
cells [23]. Cytokine-induced memory-like NK cells have also been observed in several
diseases and may be crucial for adaptive immune cell reconstitution [19,21-26]. In lung
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infections, memory-like KIR+/NKG2C+/CD57+/CD49a+/CD56dim /CD16- NK cells have
been identified [27]. These cells lack CD16 and have low expression of CD56; however,
they can be avidly activated through NKG2C [24-27].

In T cells, CMV downregulates the expression of CD28. Consequently, the signal
transduction generated by it is impaired [28,29], along with an increased amount of KIR
inhibitory receptors specific for MHC class I. T and NK cell responses against CMV seem
to depend on the sum of effective ligand binding [9,28-30]. The effect of aging was also
shown for NK cells [29,30]

Herpesviruses have been shown to target T cell function by interacting with TCR
and HLA-I molecules [30]. Several viral products have been shown to interfere with host
TAP proteins and consequently HLA-I expression, leading to an impaired CTL-mediated
recognition [30,31]. On the other hand, the decrease in HLA-I expression makes infected
cells susceptible to NK-cell killing, and the expression of inhibitory KIRs facilitates viral
escape by impairing the cytotoxic response [9,17,29,30]. NKG2D, NCR1, NCR2 and NCR3
are essential in viral antigen recognition inducing cell priming even before MHC-Class 1
expression decreases [9,17,29-31]. In pseudorabies infections, involvement of the glycopro-
tein D with CD113 is vital in viral recognition; however, the interaction of viral proteins
with CD300, an inhibitory receptor, seem to be important in viral escape [32].

Epstein Barr virus (EBV), a member of the gamma herpes virus family, is a double
stranded DNA virus that infects preferentially epithelial submucosal cells [33,34]. It is
the cause of infectious mononucleosis. It has been related as a risk for multiple scle-
rosis patients; however, the virus may induce malignant transformation of B cells and
NK or T cell lymphomas [33,34]. NK cells are essential in controlling EBV infection by
eliminating EBV transformed cells and limiting EBV viral load [30,35]. EBV causes the
expansion of CD56 bright cells in the tonsils. In this tissue, the NK cell subpopulation
CD56 bright/NKG2A+/CD94+/CD54+/CD62L-/NCR44 produces a high amount of
IFNv, protecting the tissue from tumour generation and B cell infection [36]. It has been
unclear why this NK cell population, which differs in NKG2A expression compared to
other memory NK cells, is highly responsive upon EBV [30,35]. In CMV infected pa-
tients, EBV induces NKG2A+/CD56dim NK cell subset, compared with the protective
NKG2C+/CD56dim subset involved in chronic viral infection [35]. It is unclear if a chronic
viral infection impairs NK response and increases the risk of another viral infection or
if the antiviral CD8 response is the predominant CMV infection [35,36]. In a recent re-
view on vy herpesvirus, Miinz [37] analysed the importance of the NK subpopulation
CD56—-CD16+NKG2A —KIR+CD39+CXCR6+. This subpopulation differs from the ones
observed in other viral infections. In addition, this subpopulation may also be influenced by
CMV infection. Even though a genetic connection among viral antigens and NK receptors
was shown, more research is required.

The immune response to the first dengue viral infection is generally appropriate [38].
On the other hand, the increased number of antibodies generating immune complexes can
be deleterious in a second exposition [38]. Virus activated NK cells are recruited in the
skin during dengue infection and may play a role in viral cutaneous manifestations [39].
The response seems dependent on IL-18 [40]. On the other hand, viral proteins induce
HLA expression in infected cells, which, after binding to KIR receptors, are involved in NK
tolerogenic responses [40]. Quintino de Carvalho and coworkers [41] showed an essential
difference in NK production of IFNy and cytotoxic responses in patients with the sight
of probably severe dengue infection compared to those of mild disease. The interaction
between megakaryocytes and NK cells has been essentially studied in cancer, but not in
viral related disorders. This response may enhance patient reCOVery.

In West Nile virus infection, age is an essential factor related to NK cell response. A
nonfunctional NK response is observed in elders [42,43]. The effect has been associated
with IFN Y production and NKG2D expression, suggesting that a decreased cell response
may be related to signal transduction associated with the cytokine [42,43]. It is also unclear
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if comorbidities may influence the response of NK cells or whether coinfection with another
pathogen is responsible for the lack of response.

The response to influenza A depends on NCR receptors 1-3 [44]. However, the most
relevant of the three seems to be NCR46 binding to viral hemaglutinin. Asin West Nile virus
infection, the response against the virus decreases with age [45]. In the recent SARS-CoV-2
pandemic, it is unclear how the immune response against the two viruses is related [46,47].
Achdout and coworkers [46] have shown that the immune response against influenza
decreases the death rate of coinfection in case of combined infection. The immune response
against SARS-CoV-2 was not protective. Also, it has been suggested that obesity hampers
immune response against both viruses [47]. Thus, the clinical recommended protection in
individuals susceptible to both infections is to vaccinate against both viruses [48]. There
are also assumptions that the BCG vaccine may enhance a protective immune response
against viral infection [48]. The results of an extensive clinical trial (BRACE) may provide
the needed support for the previous argument [48].

Hemaglutinin (HA) and neuraminidase (NA) are key ligands recognised by NK
cells. Parainfluenza, respiratory syncytial virus, Sendai virus and Newcastle viral infec-
tions NK responses are mainly related to HA and NA recognition dependent on NCR
receptors [17,36,49,50]. The signal transduction induced by NCR activation induces the
expression of activating receptors involved in killing infected cells. However, viral escape
still occurs when IFN signaling is impaired and may affect NK responses [9,17,36,49,50].
Reactions to vaccines may provide the basis for effective NK responses in viral infections.

Wagstaffe and coworkers [50] have shown that the Ebola virus glycoprotein induces
the transcription and secretion of IL18 related to NK cell activation encountered in this
infection [50,51]. Vaccination against the Ebola virus activates NK cells responsible and T
cells to generate good protection against the infection [50]. Interestingly, the involvement
of NK cells provides further support on the importance of these cells in vaccine effective-
ness. Even though there are still questions concerning the participation of tolerogenic NK
responses in vaccine effectiveness [52], the role of NK cells should not be questioned.

Many years ago, our group was able to show an impaired NK cytotoxic response in
untreated HCV patients [53]. The lack of markers for NK cells did not allow us to ascertain
the importance of different NK cell populations; however, it was clear that the presence
of immune complexes and leukocyte infection could hamper NK responses [53-55]. The
treatment scheme for those patients was IFN«, and some patients did not respond well
to the treatment; nowadays, the treatment is predominantly based on antiviral drugs,
which enhances IFN repose and, consequently, NK responses [56]. The critical points in
the interaction among the virus and NK cells were the expression of CD81 and scavenger
receptors and E2 and NS3 protein. Impaired signal transduction may be responsible
for NK cells’ lack of cytotoxic effect against virus-infected cells [57]. In a recent report,
Doyle and coworkers [58] postulated that hepatic CD56 Bright/CD16 negative NK cells
might be critical for an excellent local immune response and consequently maintain liver
homeostasis [58]. Questions arise, however, as to if the tissue-resident NK cells can control
only local infection.

Another interesting viral disease in which NK cells play an essential role is in HIV
infection. When NK cells from uninfected individuals are exposed to HIV, these cells
produce increased amounts of IFN-y, TNF-« and chemokines CCL3, CCL4, and CCL5,
ligands of CCR5, suggesting that these cells may play an essential role in protecting
T from infection by reducing the probability of virus binding to the CCR5 and CD4 [59].
Interleukin 22 also seems to be involved in the decreased expression of CCR5 with increased
phosphorylation [59]. This cytokine may also be involved in antigen presentation and
DC activation, diminishing the possibility of viral escape with eventual accumulation in
reservoirs or niches [59].

There are three central proposals of how NK cells may control HIV infection: (1) control
of dendritic cell (DC) maturation, (2) increased expression of PAMP receptors, and (3)
proinflammatory cytokine secretion. NK cells lyse immature DC through NCR3 and induce
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antigen-dependent presentation by upregulating HLA expression through IFN-y in the
mature infected DC cells [9,30]. The increase in PAMP receptors, mainly TLR3, TLR7, TLR8
and TLRY, are essential for viral recognition and nucleotide sensing and NK activation of
DC. HIV infection induces an expansion of NK cells, particularly the KIR3DS1 + KIR3DL1
+ NK cell subset [30,59,60]. In-vitro studies showed that the HLA-B Bw4801+ decreases
NK cell cytotoxic activity against infected cells by stimulating the inhibitory receptor
KIR3DL1 and related to the disease’s progression [30,59,60]. In vivo, the presence of this
subpopulation of KIR3DS1 + NK cells seems to protect infected individuals from virus
burden by HLA-F [60,61]. HIV-infected cells expressing HLA-F activate KIR3DS1+ NK cells
and consequently induce anti-HIV activity; the HLA-F/KIR3DS1 interaction is sufficient to
activate NK cell functions [60]. It follows then that the control of viral infection does not
follow the strict pattern of viral antigen-dependent response only. However, it is unclear if
NK memory cells may be able to eliminate HIV niches if they can eradicate the virus by
maintaining adaptive immune responses. Perhaps, as pointed out by Van de Wijer and
coworkers [61], the use of long term antiviral treatment, the presence of reservoir and the
increased susceptibility of cytomegalovirus plus other infections may decrease in the long
term the effect of NK memory cells. Subclinical cytomegalovirus infection may affect CD8
T cell cytotoxicity [62] and NK cells [59,62-64].

Adenoviruses have been used in different schemes, from vaccines to the generation
of oncolytic viruses [65]. The engagement of E3/19K viral protein with NKG2D may
induce NK cell activation; however, these proteins are involved in HLA sequestration in
the infected cells [66]. Inmune response against adenoviruses has not been very active in
recent years, but has been useful in molecular biology.

3. SARS-CoV-2 Infection and NK Cells
3.1. Virus Infection and Immune Response

Innate and adaptive immune responses are essential to overcome SARS-CoV-2 in-
fection [67,68]. An impaired innate immune response leads to an exacerbated cytokine
inflammatory response (cytokine storm) that induce organ dysfunction and cell death, jeop-
ardising the host response against the virus [67,68]. The hypoxia caused by the viral infec-
tion induces hypoxia-inducing factor (HIF), magnifying the inflammatory response [9,67].
NK cells may contribute to the cytokine storm generated by a viral infection and may also
aid in decreasing the effective adaptative response [9].

One of the reported events in COVID-19 infection is the decrease in circulating lympho-
cyte populations and several viral diseases [67,68]. The reduction in lymphocyte number in
the peripheral blood is due to the increased traffic to lung tissue [67,68]. The number of NK
cells decreases in peripheral blood, and the number of cells increases in adaptive-like tissue
residue in the lung [67,68]. NK cells seem essential in the first stages of virus infection to
the lungs since NK cells migrate along with macrophages and neutrophils into the lung
due to the secretion of chemokines and IL-6 [67,68]. The production of IFNy by NK cells is
crucial to decrease viral load; however, the activation of the cells by FcR binding of IgG1
and IgG3, secreted by B cells, of NK cells and neutrophils induces more cell death and
complement consumption [67,68]. Moreover, neutrophil FcR activation causes NETosis
increasing inflammation and tissue damage [67-69]. Thus, danger signals are crucial in
lung immunopathology.

3.2. NK Cells in SARS-CoV-2 Infection

Several reports have been on NK cell numbers and peripheral blood subpopulations
in SARS-CoV-2 infection. A recent review discussed that non-conventional T cell responses
were not thoroughly analysed in other coronavirus infections, including SARS-CoV-1 [67].
The role of NKT and TY'6 subpopulations in memory responses was partially studied [67].
Animal models may aid in assessing markers and cell populations; however, the mouse
model is partly helpful due to the lack of expression of ACE2 receptor.
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NKG2D expression and high perforin and granzyme B levels are observed in CD56
bright NK cells with COVID severity as lowered in SARS-CoV-2 severe patients [70]. This
subpopulation, however, can be suppressed by IL-10 and TGF-§ secreted by immune cells
or tissue cells [70-73]. Blocking TGF {3 could restore NK cell activity. T regulatory cells
are involved in NK cell activation by decreasing NKG2D expression, which may affect the
response of these cells in viral infections [70-73]. In addition, TGF 3 induces tolerogenic
responses on NK cells. IFN is critical to the antiviral response against the virus, especially
for NK cells [74]. It would be interesting to assess if the production of type I IFN would
decrease the inhibitory effect of TGF[(3 as proposed by Bastard and coworkers [75] with the
increased incidence of anti-IFN antibodies in elderly individuals. The antibodies against
IFN-«2 were also detected in convalescent plasma [76].

Another interesting hypothesis has been discussed in which the glycoprotein content
of the S protein and heparan sulfate binding in tissue could induce an increased expression
of KIR inhibitory receptors [77,78]. Heparan sulfate and heparanase have been involved in
NK cytotoxic responses [79,80]. Heparanase activity, degrading membrane heparin sulfate,
is critical in cell activation, cytotoxicity, migration (probably due to CD44 receptor) and
cytokine production [79]. It can be suggested that Coronavirus S protein binding to heparin
sulfate may impair NK cell activation and consequently decrease the antiviral response.

In Ebola infection, it has been shown that the glycosylated Ebola glycoprotein can
bind to homing receptors and in dendritic cells to DC-SIGN [51,81]. The interaction of these
glycoproteins may affect cell tissue migration and NK cell response [79-81] and is crucial
for viral clearance [9,17,73,79-82].

Several reports in the literature suggest that CD8 cells cytotoxic responses against
SARS-CoV-2 can protect against viral infection or severe disease [67,82]. These CD8 re-
sponses may be related to alpha coronavirus infections or other pathogens [67,82]. However,
the researchers’ main question refers to MHC class I restriction; however, other non HLA
class I mediated responses could be essential to generate memory response [82,83]. More-
over, one can envision that low viral load infection can develop an effective memory
response, that high viral load infection may induce cytokine storm, and, consequently, an
impaired response.

If the individual is exposed to a high viral load, the probability of infecting target cells
and the quick progression of the infection may induce an exacerbated immune response
(cytokine storm) [67]. The excessive immune response could also be observed in individuals
with no viral protective CD8, T and NK cell responses [67-83]. The marked production
of cytokines may induce tolerogenic CD4 T cells to inhibit the effective antiviral immune
response [84].

3.3. NK Cell Therapy

NK therapy clinical trials have recently been designed to treat SARS-CoV-2 infec-
tion [85-88]. The therapy is based in vitro, stimulating NK cells obtained from (1) peripheral
blood mononuclear cells, (2) NK cells generated from stem cell precursors, (3) genetically
modified NK cell lines [85-88]. Herrera et al. [88]. Recently described the presence of
memory NK cells of convalescent donors after adoptive therapy. The first, FDA-approved
cell therapy, is based on an allogeneic cryopreserved NK cell therapy. Cell immunotherapy
is based on NK cells stimulation used for cancer immunotherapy. The cells are derived
from human placental CD34+ cells and expanded and stimulated in vitro (CYNK-001).
Safety and efficacy clinical with CYNK-001 are underway for patients with moderate SARS-
CoV-2 infection (NCT04365101). The other clinical trial involves chimaeric antigen receptor
(CAR)-NK cell therapy on SARS-CoV-2 infected patients at an early stage (up to 14 days
symptoms). In-vitro studies have shown that the effectiveness of CAR NK cells is directed
against the Spike protein presented by infected cell lines [89]. However, it would be naive
to think that NK cell therapy responses would be in the clinic due to the high cost of the
therapy.
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Another treatment refers to NK cells derived from the umbilical cord and is genet-
ically modified to express NKG2D-ACE2 CARs (NCT04324996). These cells secrete an
IL-15 antagonist and a soluble cFV that neutralises GM-CSF. GM-CSF was shown to be a
crucial cytokine associated with the physiopathology of the disease, and it also modulates
CD4+ Th1 cells. Another approach to activate the cells is by managing checkpoints [90].
Maybe specific antibodies against inhibitory receptors aside from PD1 and CTLA4 would
be helpful. Biological checkpoint inhibitor treatment may increase NK cytotoxicity and
decrease the probable tolerogenic response.

Antibodies against the SARS-CoV-2 virus generate immune complexes [91]. These
immune complexes may aid viral immunopathogenesis since the complex enhance neu-
trophil activation and tissue damage [91-93]. It could be suggested that IgG immune
complexes are involved in chronicity and severity since they can suppress effective NK
cell responses, as shown in cancer therapy [94]. However, the induction of adaptative
responses through virus exposure of vaccine treatment could modify the response of NK
cells [19,52]. Even though hepatic manifestations of SARS-CoV-2 are not very common
in humans, there are descriptions of hepatitis following coronavirus infection in animals.
The tissue-specific immune response differs in different models and may be challenging to
ascertain the importance of NK cells.

During pregnancy, conventional NK cells protect pathogens and protect decidual NK
cells and bystander cells [6]. The tissue, however, expresses ACE2 receptors, which are
involved in SARS-CoV-2 infection [6,67,95]. Therefore, uterine infection of the virus affects
local NK cells and may hamper fetal growth and survival [6,95,96]. On the other hand,
vaccines have protected pregnant women, and neonatal protective antibodies have been
detected [97].

Exhaustion markers on NK cells, expression of PD-1 has been reported in SARS-CoV-2
patients [98]. The CD56 bright subpopulation decreases while the CD56 dim subpopulation
increases. Varchetta and coworkers [68] showed that this ratio in SARS-CoV-2 infected
patients that died. In the survivors, there is a decrease in the expression of CD69, TIM-3
and PD1 at convalescence [68]. There is a parallel decrease in secretory IL6, IL-8 and
IL-1B [68]. One may envision that the memory responses of NK cells are affected in the
patients that did not survive. However, this decrease in memory response could be due to
another infection or comorbidities responsible for this impairment [99-102]. As an example,
Couturier and Lewis [63] were able to show that, in HIV infection, the involvement of
adipose tissue and CD4 and NK and NKT cells is crucial for virus latency. One may envision
that the penetrance of antiretroviral therapies in adipose tissue may predispose that this
organ is a reservoir for the virus. In addition, essential changes in adipokines have been
described upon antiretroviral treatment with the migration of adipose tissue. Migration
could be a secondary event related to viral infection and persistence. CD8 response may be
essential to understand the protective response to coronavirus in these patients.

Probably the metabolism of NK cells is also affected by the viral infection. In a
murine model of Friend retrovirus, Littwitz—Salomon and coworkers [64] showed that iron
was crucial for NK cell functions and affected the viral infection. Electrolyte impairment,
potassium, chloride and sodium, have been described in SARS-CoV-2 infection [67]. Ferritin
is a known predictor of SARS-CoV-2 severity [103,104]. The deleterious effects of iron can
probably be observed by the increased cell death due, at least in part, to ferroptosis [105].
Iron deficiency could be partially involved in an impaired NK response in severe patients.
IFN vy produced by NK cells can also induce NETosis, enhancing cell death [105]. However,
abnormal potassium transport is related to hepatitis B virus-associated acute-on-chronic
liver failure in mice with experimental fulminant hepatitis [106]. More research is required
on this topic since potassium channels are essential in NK cytotoxic response since Kctd9-
deficient mice exhibited an impaired NK maturation. These cells produce insufficient IFN-y
and granzyme B upon stimulation and, therefore, a decreased cytotoxic response against
tumour or virus-infected cells [106].
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Tables 3 and 4 provide a general outlook of the involvement of NK cells, NK cells
receptors in viral infections, and different mechanisms of NK cell memory induced not only
by the viral infection itself but also by cytokines and vaccines. The induction of vaccines’
T, B and NK memory responses should be considered a priority since the protection may
be efficient and long-lasting. The response of NK cells to SARS-CoV-2 vaccines is still
ongoing research dependent upon cellular immune assays [107]. Most memory immune
assays in SARS-CoV-2 have validated CD4 memory responses and have been less effective
in assessing CD8 and NK memory responses. However, several groups may provide the
required tools to unravel the effective SARS-CoV-2 immune response puzzle.

Table 3. Analysis between virus-induced memory NK cells and peripheral NK and tissue-resident

NK.
Virus Inﬁz:::)r;}lnduced NK Cell Receptor NK Peripheral Tissue-Resident NK Cells
CD9%4/NKG2C+ CD57+, Increased peripheral NK cells in Impairment of tissue
CMV KIR2DS4, KIR2DS2, elderly individuals. Induction of pa he ICI’LCSS I ©
KIR3DSL. CD57+ from CD56dim CD57-cells petipheral Tho- cels
Denete virus gzrgri;NI;'\Cr;(z)E; gﬁggf? ]S f It increased peripheral CD56 Skin homing CLA+ NK
& Y & y bright cells. cell phenotype

NSI1 viral protein.

Increase in CD56 neg CD16pos

Ebola virus CD9%4/NKG2C+ CD57+ - Active liver NK cells
supopulations
Increased frequencies of CD16pos Lymph node, liver, placenta
HIV CD94/NKG2C+ CDS7+ CD56 ng NK cells activated by infected cells
Hepatitis C CD57+ KLRG1+ Increased NCR46, CD56 bright Active liver NK cells
Influenza virus CD16+CD49a+CXCR3+ Reduced CD56 bright Increase of lung NK cells
SARS-CoV-2 CD56di, NKG2C, Ksp37+  Increase of CD56dim CD57+ cells Active lung NK cells,
Decidual, liver
Table 4. NK receptors involved in different types of memory after viral infection.
Memory NK Cell Receptor Notes
Induced by virus CD94/NKG2C+ CD57+ HCMYV induced memory. Present in young individuals, less
; probable on elders. Virus-induced mature NK cells undergo
Infection KIR2DS¢, KIR2DS2, homeostatic cell division. They enhanced cytotoxic response
Human KIR3DS1 and ADCC.
Ly49H+/DAP12 NK cells that quickly respond to virus challenge. Other
Mouse DNAM-1 . 5 -
CXCR6+ virus-binding receptors may be involved.

Cytokine-induced memory
Mouse and Human

Stimulation with IL-12, IL-15, IL-18 cytokines induces a pool of
long-lived NK cells with enhanced cytokine reactivity and can
kill virus cells. Increase ADCC.

IL-12R, IL-15R, IL-18R

Vaccine-induced
Memory
Mouse and human

NKG2D + CXCR6+ Influenza, BcG, Ebola, SARS-CoV-2

The exciting issue to further investigate is NK memory cells and cell plasticity-based
upon the epigenetic modulations [108]. The main problem to induce effective memory NK
responses is ageing.

Recently, the probability of combined viral infection, primarily in the elder population,
has prompted the sanitary authorities to vaccinate against influenza and coronavirus.
However, Achdout and coworkers [46] pointed out that a combined protective response
can be observed with influenza vaccine rather than SARS-CoV-2 vaccine. It could be
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envisioned that a combined protein vaccine for SARS-CoV-2 may be necessary to maintain
memory responses for more extended periods in the risk populations.

4. Conclusions

Memory responses against pathogens are crucial for the survival of the individual.
Most of the work has been focused on T and B lymphocytes; however, NK cell memory also
plays an essential role in eliminating virally infected cells or contributing to the cytotoxic
and helper T cell and B cell responses. There are still important points to address in this
topic that requires attention. In particular, in SARS-CoV-2 infection, NK cells play a role,
a matter of research. Hopefully, new vaccines against the virus may enhance memory
responses and aid in the resolution of the SARS-CoV-2 pandemic.
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