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The global outbreak of coronavirus-2019 (COVID-19) still claims more lives daily around the world due to
the lack of a definitive treatment and the rapid tendency of virus to mutate, which even jeopardizes vac-
cination efficacy. At the forefront battle against SARS-CoV-2, an effective innate response to the infection
has a pivotal role in the initial control and treatment of disease. However, SARS-CoV-2 subtly interrupts
the equations of immune responses, disrupting the cytolytic antiviral effects of NK cells, while seriously
activating infected macrophages and other immune cells to induce an unleashed ‘‘cytokine storm”, a dan-
gerous and uncontrollable inflammatory response causing life-threatening symptoms in patients.
Notably, the NK cell exhaustion with ineffective cytolytic function against the sources of exaggerated
cytokine release, acts as an Achilles’ heel which exacerbates the severity of COVID-19. Given this,
approaches that improve NK cell cytotoxicity may benefit treatment protocols. As a suggestion, adoptive
transfer of NK or CAR-NK cells with proper cytotolytic potentials and the lowest capacity of cytokine-
release (for example CD56dim NK cells brightly express activating receptors), to severe COVID-19 patients
may provide an effective cure especially in cases suffering from cytokine storms. More intriguingly, the
ongoing evidence for persistent clonal expansion of NK memory cells characterized by an activating phe-
notype in response to viral infections, can benefit the future studies on vaccine development and adop-
tive NK cell therapy in COVID-19. Whether vaccinated volunteers or recovered patients can also be
considered as suitable candidates for cell donation could be the subject of future research.
� 2021 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights

reserved.
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1. Introduction:

The recent outbreak of coronavirus disease 2019 (COVID-19)
which is rapidly spreading around the globe has been considered
as the most devastating pandemic in current decades. Its death toll
is daily increasing while no definitive therapeutic drug is available
yet. COVID-19 has a diverse clinical manifestation and whilst 80%
of infected people are asymptomatic, or mildly symptomatic, the
rest experiences severe complication [1]. Although people with
older age or comorbidities show more severe disease dominated
with strong inflammatory symptom, other factors such as gender
or blood groups may affect individuals’ susceptibilities to severe
acute respiratory syndrome coronavirus (SARS-CoV)-2. Of note,
unlike adults, the vastmajority of childrenwithCOVID-19havemild
symptoms and are largely safe from severe respiratory symptoms
[2,3]. These are the facts that highlight the variable nature of
immune responses against the diseases depending on different fac-
tors. In general, main pathologic symptom of coronavirus is mani-
fested by augmented inflammatory responses that cause severe
pneumonia, pulmonary oedema, acute respiratory distress syn-
drome (ARDS) ormultiple organ dysfunctions, even leading to death
[4]. Overactivation of inflammatory immune response induced by
severe infection, drugs or autoimmune diseasesmay lead to ‘‘hyper-
ferritinemic syndrome”. This condition resembles ‘‘macrophage
activation syndrome” in that an unleashed cytokine storms result
in subsequent immune exhaustion leading to severe clinical mani-
festations of diseases. In severe cases of COVID-19, the poor thera-
peutic outcome has shown to be correlated with cytokine storm
[5] which is associated with themajor involvement of macrophages
in the lung injury [6]. Therefore, the presence ofmacrophage activa-
tion syndrome is considered as a main risk factor of lung inflamma-
tion in these patients [7]. Although from a public perspective,
macrophages should act as the most important barrier to infection,
they experience an uncontrolled activation which leads to exagger-
ated cytokines release aggravating inflammatory condition. It may
have two important reasons: first, it is due to the direct effect of viral
infection which induces stormy cytokine production and release by
immunecellsmainlymacrophages and second, is themalfunctionor
possible suppression of cytolytic effectors such as natural killer (NK)
cells which eradicate infected cells limiting cytokine storms and
viral load in the patients. Thereby, shedding more light to complex
mechanisms involved in the pathogenesis of COVID-19, this review
is startedwithbrief informationabout antiviral functionofNKcell as
the key player of innate immunity against viral infection. We then
discuss about the ways by which SARS-CoV-2 inhibiting innate
immunity response to cause severe symptoms of COVID-19 in the
patients.
2. NK cell morphology and distribution

NK cells were initially identified as the cells of the innate
immune system with cytolytic activity against different targets
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such as tumor-derived or virus-infected cells [8]. Morphologically,
these cells are large granular lymphocytes with abundant pale
cytoplasm [9] surrounding a round or indented nuclei with con-
densed chromatin and usually containing prominent nucleoli.
The presence of circular 50–800 nm membrane-bound granules
(primary lysosomes) is a characteristic cytoplasmic feature of these
cells. The granules contain different acid hydrolases, such as acid
phosphatase, naphthyl acetate-esterase and glucuronidase [9,10]
as well as phospholipids, proteoglycans and the proteins responsi-
ble for cytotoxic functions such as serine esterases (granzymes)
and pore-forming proteins (perforin) [11]. Mature NK cells consti-
tute approximately 10–15 percent of circulating lymphocytes. NK
cells are also found in the spleen, bone marrow, liver (pit cells),
lung, intestinal mucosa [8,12] and the uterus as well as in small
numbers in the lymph nodes [13,14]. Importantly, liver NK cells
play a key role against hepatotropic viruses such as HCV [15,16]
while lung-resident NK cells are also in the spotlight due to their
pivotal roles in the pathogenesis of bacterial and viral lung infec-
tions, including Influenza, SARS-CoV-1 and MERS-CoV infections
as well as COVID-19 [17-21].
3. NK cell receptors

Similar to T cells, NK cells also express CD8, however its expres-
sion on NK cells is homodimer rather than being the heterodimer
as is presented by T cells. NK cells do not express the CD3 antigen
complex or the T cell receptor (TCR) and the genes encoding the
TCR chains are not rearranged in these cells [10]. Alternatively,
CD16, the Fcc receptor III (FcRIII) and CD56 are two characteristic
markers found on the surface of NK cells [22,23]. CD16 is a low-
affinity Fc receptor which is expressed in most NK cells, neu-
trophils, monocytes and macrophages. This receptor is responsible
for antibody-dependent cellular cytotoxicity (ADCC) mediated by
NK cells. Another characteristic surface marker of NK cells is
CD56 which is usually expressed at a low density on most NK cells
[24] while its expression increases to a higher level following acti-
vation. Around 10% of circulating NK cells (and approximately
100% in secondary lymphoid tissues) express high levels of CD56
(CD3negCD56bright cells) and can produce large amounts of cytoki-
nes and chemokines within minutes of activation. However, these
population of blood NK cells have little or no ability to sponta-
neously kill target cells [25]. The other 90% of NK cells in the blood
that show low CD56 expression (dim population) have a relatively
lower ability to produce cytokines in response to activation, while
most of these CD3negCD56dim NK cells can lyse the target cells
effectively in the absence of prior stimulation. This is an
antibody-independent mechanism by which NK cells identify and
lyse target cells with no or deficient expression of MHC (major his-
tocompatibility complex) class I in a ‘‘missing self-recognition sce-
nario” [26]. However, despite this recognition mechanism, the
activation of these cells and their subsequent cytotoxic capability
also require a precise balance between activating and inhibitory
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signals simultaneously generated by the interactions between NK
cell specific receptors and their ligands [27-30]. NK cells express
two main families of functional receptors, the immunoglobulin
superfamily and the C-type lectin-like receptors. The immunoglob-
ulin superfamily includes the killer immunoglobulin like receptors
(KIRs), leukocyte immunoglobulin-like receptor (LILR) and natural
cytotoxicity receptors (NCRs) [29,30]. KIRs that bind to classical
MHC class Ia ligands human leukocyte antigen (HLA)-A, B, and C
are important receptors mediating both inhibitory and activating
signals by NK cells. In inhibitory KIRs, including KIR2DL and
KIR3DL, the long cytoplasmic tail of receptors signals through the
contribution of the immunoreceptor tyrosine-based inhibitory
motif (ITIM) [31,32] whereas, short-tail activatory receptors
(KIR2DS, KIR3DS) have been reported to enhance activating signals
serving immunoreceptor tyrosine-based activation motif (ITAM)
sequences located on adaptor DNAX-activating protein (DAP)-12
which are paired with the transmembrane portion of receptors
[33,34]. Other important receptors of this family are NCRs which
mainly include NKp46 (NCR1), NKp44 (NCR2), NKp30 (NCR3) and
NKp80 (also known as killer cell lectin-like subfamily F, member
1) as the major NK cell activatory receptors that enable cell medi-
ated killing through a series of activating signals mediated by ITAM
[29] (or an atypical hemi-ITAM–like sequence for NKp80 [35]). It
has been reported that following the activation of a single NCR,
the signaling pathways of the other NCRs are also activated. This
suggests functional cross-talk between different NCRs perhaps to
strengthen the activating signals [36,37]. Contrary to KIRs, these
receptors have a variety of ligands that some of them are not fully
characterized yet. One of the reported ligands for NKp46 and
NKp44 is viral hemagglutinin. NKp30 has shown to interact with
heparin sulfate proteoglycans and B7-H6 (a member of the B7 fam-
ily of immunoreceptors [38]) while NKp80 can bind activation-
induced C-type lectin. HLA-B-associated transcript 3 is also
another ligand of NCRs, which is released from tumor cells and
can bind to NKp30. Taken together, NCRs activity support one of
the most important mechanisms of NK cells in destroying tumor
targets [29]. The C-type lectin like family also represents members
of Natural Killer Group (NKG)2x/CD94 heterodimer receptors and a
NKG2D receptor which is structurally different, not forming a het-
erodimer with CD94 subunit [39]. Similar to KIRs, this family also
includes both activatory and inhibitory receptors, with the differ-
ence that although NK cells recognize MHC class Ia (classical
MHC-I) molecules through KIRs [40], the heterodimeric NKG2x/
CD94 [41] and homodimeric NKG2D receptors [42] interact with
MHC class Ib (non-classical MHC-I) and MHC-I-like molecules, as
their ligand, respectively. HLA-E is a common ligand for NKG2x/
CD94 family. It is a member of non-classical MHC class I and inter-
acts with both subunits of the receptor. The subunit of CD94 spec-
ifies the interaction with HLA-E ligand whereas NKG2 subunit
determines the HLA-E recognition outcome (either is inhibitory
or activatory) [43]. In order to be expressed on the cell surface,
HLA-E needs to be bound to specific peptides derived from the lea-
der sequences of other MHC class I molecules. Hence, the down-
regulation of MHC class I expression can also reduce the cell sur-
face expression of HLA-E [43]. Actually, the binding of MHC class
I peptides to HLA-E allows the NK cell, via NKG2A/CD94, to indi-
rectly monitor the cell surface expression of other MHC class I
molecules [44,45]. Proteins other than MHC class I molecules, have
been shown to contain peptides that can bind to HLA-E. One exam-
ple is glycoprotein UL40 of the human CMV which contains pep-
tides in its leader sequence with the same structure as seen in
the HLA-Cw03 molecule. These peptides can up-regulate the
expression of HLA-E which then interacts with NKG2A/CD94. The
interaction leads to the protection of target cells infected by CMV
from NK cell lysis [46,47]. Main receptors from NKG2x/CD94 fam-
ily include the inhibitory, ITIM-containing CD94–NKG2A receptor
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and activating, DAP-12-associating CD94–NKG2C receptor, both
of which bind to the HLA-E molecule as their ligand. The reason
for the existence of a common ligand for the both activatory and
inhibitory receptors of this family is not yet known [29]. One sug-
gestion, however, is that, depending on normal and disturbing con-
ditions, HLA-E expression does not necessarily lead to NK cell
activation [48]. The activatory NKG2D receptor is another member
of C-type lectin-like family, which is expressed by human NK cells,
ab and cd T cells as well as CD8+ T cells [49,50]. At least 6 ligands
with MHC class I homology has been recognized to interact with
this receptor including three transmembrane proteins (MICA,
MICB, and ULBP4) [51,52] and 3 glycophosphatidylinositol (GPI)–
anchored proteins (ULBP1-3). None of these ligands are expressed
by normal tissue, however, under pathological conditions such as
viral infection or malignant deformity, cellular or genotoxic stress
can increase their expression, leading to NK cell activation [53]. On
the other hand, normal tissues expressing self-MHC class I ligand
that correspond to at least one of their NK cell inhibitory receptors
do not express these NKG2D ligands and are therefore not prone to
autologous NK-mediated cytotoxicity [54]. From the signaling
point of view, here, this activating receptor signals through a
DAP10 adaptor contains the costimulatory YINM sequence instead
of an ITAM one [55]. This compartment is responsible for signal
transduction via the recruitment of either the p85a regulatory sub-
unit of phosphatidylinositol 3 kinase (PI3K) or growth factor
receptor-bound protein 2 (Grb2), which eventually leads to the
NK cell activation and initiation of cytotoxicity [56]. Overall, mem-
bers of KIR group and NKG2A/CD94 are the most important inhibi-
tory receptors and prevent autoreactivity through the recognition
of MHC class I ligands expressed on the surface of healthy cells.
On the other hand, NCRs and NKG2D are the important activating
receptors on NK cells which are involved in cytolytic effects against
infected targets or tumor cells [29].
4. Mechanism of NK cell mediated cytotoxicity

NK cells have cytotoxic capability that leads to target cell death
[57]. NK cell cytotoxicity takes place following the activation of the
lytic mechanism which usually involves granules release. Amongst
the released materials, lytic molecules stored in granules particu-
larly perforin, granzymes and granulysin have been shown to play
a pivotal role in inducing apoptosis and death in targets [57]. Per-
forin, a soluble monomer molecule, is released by exocytosis from
granules [58]. The perforin molecules are then polymerized in the
presence of Ca2+ to make the pores [59–61] in the target cell mem-
brane through which the granzymes pass into the cytoplasm [62].
Another important lytic agent, granulysin is also released from the
granules of different lymphocytes including NK cells, cytotoxic T
cells, T helper cells and NKT cells. This cytolytic molecule is a mem-
ber of the saposin-like proteins family which can cause membrane
damage in target cells [63]. These cytotoxic effects are primarily
triggered by the mechanism introduced as ‘‘missing self” recogni-
tion [26]. By this mechanism, targets including infected or tumor
modified cells that actually lack or are deficient in MHC class I,
are recognized by NK cells as missing self-targets. Here, missing
MHC on target cells reduces inhibitory signals while activating
NK cells. However, in the next step, the interactions between speci-
fic ligands on infected cells and activatory receptors can stimulate
NK cell cytolytic activity [54]. One other hand, in presence of speci-
fic antibodies, primed target cells can also be recognized by CD16+

NK cells especially those with CD56dim phenotype which abun-
dantly express CD16 as the low affinity Fcc receptor III. NK cells
bound to constant (Fc) region of immunoglobulin immobilized on
a target cell surface are activated by a CD16-mediated signal which
leads to cell degranulation and perforin dependent targets lysis, a
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mechanism called antibody-dependent cellular cytotoxicity
(ADCC) [64]. In addition to these granule-dependent killing, cyto-
toxicity can also be mediated by the interaction of surface mole-
cules mostly through the Fas-FasL intercellular linkage-mediated
pathway in which effector T cells and NK cells express FasL
(CD178), whereas target cells express Fas (CD95 or Apo-1)
[65,66]. Furthermore, cytotoxicity can also be mediated by the
interaction of tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) on NK cells with their death-inducing
receptors on target cells. These pathways induce another mecha-
nism by which the alteration of membrane permeability in target
cells leads to their apoptosis and subsequent lysis [11,57].
5. Innate immunity against viral infection: the critical role of
NK cells

As the first effective defense barrier facing with infections, the
innate immune system is crucially involved in the fighting against
viruses. Tissue resident macrophages and dendritic cells (DCs) are
considered as first responders [67] which recognize viral infected
cells expressing pathogen associated molecular patterns (PAMPs)
through germline-encoded pattern recognition receptors (PRRs)
[68]. NK cells are also other members of innate immune system
which play a key role in the host’s immune defense against patho-
gens preventing the establishment of infection and the viral
spreading through the body [69]. So far, several studies in mice
models or humans with compromised NK cell activity or lacking
functional NK cells have highlighted the crucial role of these cells
against viral infection [70]. As evidence, patients with NK cell defi-
ciency (NKD) are quite vulnerable to viral infections [70,71]. Differ-
ent cancers also showed to increase patients’ susceptibilities to
viral infections [72], which may be due to compromised functional
activity of NK cells induced by malignancies [73–77]. In addition to
these cells, some members of adaptive immune systems including
cytotoxic T cells, immune conducted macrophages and NKT cells
are also required to provide an active immune response against
viruses. However, it is only NK cells that have the unique ability
to effectively detect and lyse virus-infected target cells without
prior recognition. Significant progress has recently been made in
understanding the function of NK cells against viral infections.
These cells are activated in response to innate cytokines that are
released from virus-infected cells. NK cells have the ability to erad-
icate viruses either by direct cytotoxic effect or by regulating other
pathways of the immune system (cellular or humoral immunity)
that lead to the neutralization and destruction of the viruses. Air-
way epithelial cells which are in the first line exposure to RNA
viruses play a critical role in introducing pathogens to the immune
system. Upon respiratory viral exposure, these infected cells
express various arrays of PRRs (pattern recognition receptors)
including Toll-like receptors (TLRs 3, 7 and TLR8), melanoma
differentiation-associated protein (MDA)-5 (a viral RNA binding
protein essential for activating antiviral immune responses), and
retinoic acid-inducible gene (RIG)-I (a PRR receptor responsible
for the type-1 interferon (IFN1) response). These receptors are
important germline-encoded host sensors provided by the respon-
ders of innate immunity, which especially contribute to fight
against respiratory RNA viruses, such as coronaviruses [78]. After
viral infections, cellular sensing of viruses through PRRs results
in the transcription of genes involved in the inflammatory
response. Induction of type I interferon (IFN-a/b) production by
infected cells is a critical part of the antiviral response [79]. Type
I IFNs are produced by many immune and non-immune cells
[67,78,80], and while leading to a reduction in viral replication,
they substantially prime innate and adaptive lymphocytes, includ-
ing NK cells [81]. Activating cytokines including type I interferon
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(IFN-a/b) and interleukins (ILs) 2, 12, 15 and 18 [82] released by
either virus infected targets or activated antigen presenting cells
[83,84] can modulate NK cell function while enhancing their sur-
vival, proliferation, cytotoxicity, and cytokine production [82]. Of
note, IL-12 increases the generation and secretion of IFN-c by NK
cells while IL-15 induces NK proliferation. IFN-c generation in NK
cells enhances NK cell cytolytic activity against infected targets.
On the other hand, this interferon also regulates the function of
other key players of immune system against viral infections. Acti-
vated NK cells also produce tumor necrosis factor (TNF), another
effective cytokine that plays an important role in antiviral and
immune regulation processes. Sensing of chemokine gradients
induced by infection, NK cells track and distinguish viral-infected
targets via the recognition of viral proteins on the surface of
infected cells. Followed by the recognition of infected targets, their
intimate cross-talk with NK cells can lead them to exert some
direct or indirect effects against viruses. In general, this viral
induced NK cell activation is achieved in two ways. On the one
hand, viral intrusion into cells may upregulate the expression of
some self-encoded molecules [85,86] which interact with activat-
ing NK cell receptors including NCRs (NKp30, NKp44, NKp46 and
NKp80), NKG2D [56,87], as well as co-activating receptors such
as DNAM-1 [88]. Alternatively, some viruses may also induce NK
cell activation through the down-regulation of ligands in infected
cells that supposed to inhibit NK cell function in normal condition,
via the interaction with their inhibitory counter- receptors includ-
ing KIRs [89–91] and the C-type lectin-like receptor CD94-NKG2A
[92,93]. Some NK cell receptors like PAMPS [94] or NKG2C [95]
may also directly be engaged in the recognition of viral moieties.
Consequently, followed by NK cell activation, they can exert differ-
ent functional activity against infected cells. The first is the release
of IFN-c by activated NK cells which can up-regulate the antigen
presentation in infected targets supporting their further interac-
tion with either NK cells or other key players of innate immune
system (especially the adaptive one). In addition, via the above
mentioned intimate cellular interactions, activated NK cell can
directly attack virus-infected cells, punching them with the release
of perforin and granzyme B, a Ca2+-dependent exocytosis of cytoly-
tic granules [96] which results in cytolysis of infected cells. Regard-
less of release function in NK cells, their close contact with targets
can be supported by either interaction between NK cell receptors
and specific antigens presented by infected cells leading to cytoly-
tic effects (necrosis), or the interaction of NK cell ligands (FasL or
TRAIL) with the death receptors on the surface of targets [97]
which may result in apoptosis. On the other hand, followed by
the presentation of viral antigens to adaptive immune system
and creation of specific antibodies against antigens expressed on
infected cells, the recognition of these antibodies by NK cell FC
receptor [98], CD16, leads to ADCC [99]. It has been shown that
NK cell receptors play an essential role in the antiviral defense
mechanisms of these cells [69]. In general, NK cells receive nega-
tive ‘‘self” signals from the normal tissue expressing class I MHC
molecules to their inhibitory receptors. This is a base of self-
recognition by NK cells. Most viruses reduce the expression of
MHC class I on the surface of infected target cells, a mechanism
that helps them escape from the adaptive immune system and
recognition by cytotoxic T cells. However, the reduced expressions
of these molecules as the major ligands for NK cell inhibitory
receptors (KIRs) in infected cells make them vulnerable to the
detection by NK cells which now, with the reduction of receiving
inhibitory signals can recognize infected cells as unfamiliar targets.
Non-specifically, NK cells recognize different ligands on virus-
infected cells by a repertoire of their germ-line encoded receptors.
Contrary to T and B lymphocytes which generate antigen-specific
receptors, NK cell receptors do not require recombination as they
can innately interact with ligands on infected target cells. Again
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unlike T lymphocytes, in NK cells, this is a balance between the two
groups of activating and inhibitory receptors, which ultimately
determines how these cells respond and function [100]. Here, the
inhibitory signals play a critical role, so that reducing the induction
of inhibitory receptors has an important effect on the functional
activities of NK cells, particularly the role of inhibitory receptor
NKG2A is very important [101,102]. The main ligand of this recep-
tor is HLA-E molecule (a member of non-classical MHC class I
which its interaction with NKG2A is crucially involved in the reg-
ulating of NK cell function. While viral infection reduces the
expression of the MHC class I, since this molecule in turn acts as
a supplier of complementary peptides required for the proper
expression of HLA-E, thereby reducing expression of MHC class I
has also a negative effect on the level of HLA-E expression and
its interaction with NKG2A. As important ligands for NK cell inhi-
bitory receptors (KIRs and NKG2A), such attenuating levels in the
expression of MHC class I and HLA-E significantly shifts the balance
toward activating signals transduced by NK cell activating recep-
tors, especially those which interact with viral ligands or stress
molecules rather than classical or non-classical MHC I class
[30,103]. These activating receptors are mainly included in NCRs
(NKPs 30, 44, 46 and 80) and NKG2D [104].
6. NK cell cross-talk with other key players of immune response
to control viral infection

NK cells provide a rapid and potent response to viral infection;
however an effective and long-lasting antiviral response is gener-
ally supported by their cooperation with other key players in
immune system, including neutrophils, macrophages and dendritic
cells. Actually, these complex cellular interactions can regulate the
cytokine milieu, initial viral load and CD4+ T cell mediated cellular
immune responses during viral infections. Although, the main
response of NK cells to the virus is achieved by the eradication of
infected target cells which effectively reduce viral load, they also
control the systemic inflammatory response and unwilling cyto-
kine storm called as ‘‘hyperferritinemic syndrome” by the lyse
and elimination of activated inflammatory cells including neu-
trophils, dendritic cells, monocytes/ macrophages, and T cells
[105–107].

Evidence has shown that direct cross-talk between NK cell and
neutrophil can modulate their mutual maturation, activation and
effector functions [108,109]. In one study, to preserve an immune
response, IL-15- or IL-18-activated NK cells were co-cultured with
neutrophils which their activation and survival were modulated
with IFN-c and granulocyte macrophage colony-stimulating factor
(GM-CSF) [110] released from NK cells. In contrast, another study
indicated that how human NK cells can promote neutrophil apop-
tosis via NKp46 and Fas-dependent mechanisms, to limit inflam-
matory function and further activation of immune responses
[111]. On the other hand, neutrophils are also enable to modulate
NK cell licensing, their maturation, activation, function, homeosta-
sis and cytokine generation [112–115]. NK cells also have intimate
cross-talk with the different members of adaptive immune system
of which macrophage also acts as a key player at the frontline
fighting against infectious agents. Upon viral contact, activated
NK cells release cytokines and chemoattractants including macro-
phage inflammatory protein (MIP)-1a that effectively attract and
recruit immune-conducted macrophage to infected tissue. In a
reciprocal contribution, as antigen presenting cells, macrophages
also release inflammatory mediators and express viral antigens
associated with different ligands to NK cells, enhancing their cyto-
lytic effects [116]. Although, macrophages play an important role
in virus eradication, they may also act as a double-edged sword
during strict viral infection where their stormy cytokine release
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creates an unwilling destructive manifestation of disease called
as macrophage activation syndrome. In a close contact with fully
infected macrophages, receiving potent signals, agitated NK cells
can lyse these virus-infected cells. Therefore, as a direct evidence
that highlights a critical role for NK cells in macrophage modula-
tion, this event not only limits viral burden but also decreases
the augmented cytokine release by infected cells while quenching
unwilling inflammatory responses and cytokine storms. NK cells
also reciprocally interact with dendritic cells (DCs) as potent
antigen-presenting cells contributing to adaptive immune
response [117–120]. Similarly, NK cell-mediated lysis of infected
DCs reduces viral load while dampening the inflammatory
responses. Infected DCs release inflammatory cytokines including
IFN-a and TNF-a which induce NK cell degranulation and IFN-c
generation [121,122]. In addition, ligands of Toll-like receptor
up-regulate DCs expression of CD155 and CD112, which bind to
their ligands DNAX accessory molecule (DNAM)-1 on NK cells.
These interactions can attenuate immune responses through the
promotion of NK cell-dependent cytolysis of immature and mature
DCs [123]. GM-CSF also showed to increase DCs expression of
CD155 and intercellular adhesion molecule (ICAM)-1, which pro-
mote NK cell cytotoxicity against DCs [124]. On the other hand,
in some conditions, NK cell can support DC maturation that bene-
fits cellular immunity. It has been shown that IL-2-activated NK
cells promote DCs maturation and their crosstalk with naϊve
CD4+ T cells converting them to polarized CD4+ T cells which
induce antigen-specific cytotoxic CD8+ T cell responses [125,126].
Whilst indirect contribution of NK cells seems to enhance T cell
mediated immune responses, direct interaction of NK cells with
these cells supports some converse effects. Activated NK cells
may lyse CD4+ T cells [127] limiting antiviral T cell responses
[128–130]. Intriguingly, NK cell depletion has shown to promote
either cellular or humoral immunity via the enhancement of anti-
body responses, increasing antigen presentation and CD4+ T cell
expansion that improve CD8+ T cell responses. These observations
may propose a dual role for NK cells in the modulation of adaptive
immune responses against viral infection. It seems that in seriously
ill patients with high viral doses, NK cell may limit exaggerated
CD4+ and CD8+ T cell responses. In this condition, despite viral per-
sistence, NK cells may prevent fatal pathology and death via the
quenching aggressive inflammatory responses caused by unwilling
cytokine storm.
7. NK cells and COVID-19

Having no significant complications in the majority of healthy
people who are exposed to SARS-CoV-2 highlights the fact that
an efficient innate immune response may be able to prevent patho-
logical symptoms of COVID-19 and clear the body from infection.
Nevertheless, as an escape and resistance strategy, SARS-CoV-2
showed an unusual ability to deal with the innate immune system
by either distorting its main function or disabling the key players
against infection such as NK cells. Cytokine storm is a clear sign
of immune system deviation in the effective response to infection,
which occurs when the virus enters affected cells, including macro-
phages, forcing them to produce more and more inflammatory
mediators. Such an imbalance production of inflammatory cytoki-
nes not only does not support an effective fight against the virus,
but also ultimately leads to widespread inflammatory damage,
especially in the lungs, which is one of the major complications
of the disease and one of the leading causes of death in patients.
In the face of such a situation, the role of NK cells in the elimination
of virus-infected macrophages seems to be very important. With
the elimination of the most contaminated zombie-like macro-
phages that produce unbridled inflammatory mediators, the inten-
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sity of the cytokine storm is moderated while the viral load is also
reduced. This can also lead to infection control with the proper
functioning of other immune cells such as cytotoxic T cells that
could be exhausted if the cytokine storm persists. This is what
eventually happens in most coronavirus infections to prevent the
disease from getting worse. But in the case of COVID-19, the ending
may not be as enjoyable as in fairy tales, as the virus inhibits the
functional activity of NK cells in different ways. Similar to other
coronaviruses, angiotensin converting enzyme 2 (ACE2) is thought
to be the main receptor for SARS-CoV-2 spike protein which allow-
ing the viral entrance into the vulnerable cells [131,132]. This
occurs in the first exposure of viruses with pulmonary tissue in
which small set of alveolar type 2 epithelial cells (type II pneumo-
cytes) [133] as well as alveolar macrophages express ACE2. Upon
viral entrance, the infected cells produce interferons, and their
associated responsive genes that induce a robust innate immune
response [134], which attracts first line defenders of immune sys-
tems including DCs, macrophages, and neutrophils. These facts
were evidenced by high infiltrations of ACE2 expressing macro-
phages with SARS-CoV-2 nucleoprotein antigen in lung bronchop-
neumonia area, spleen and the lymph nodes of COVID-19 patients
[6,135]. This is typical form of macrophage activation syndrome in
which the strong IL-6 production by infiltrating macrophages can
be associated with an extreme inflammation in COVID-19 [6,7].
In the most types of primary or infection-dependent inflammation,
this syndrome is showed to be associated with the loss of NK cell
functional activity [101,136,137]. As an important hint for the
pathogenesis of macrophage activation syndrome, the negative
impacts of IL-6 elevation on NK cell cytotoxicity has been shown
by Cifaldi et al where they also reported improved function of
NK cell in the presence of anti-IL-6 monoclonal antibody tocilizu-
mab [138]. Accordingly, severe cases of COVID-19 are accompanied
with highest levels of IL-6 production [139] while in these patients
the elevated production of IL-6 is shown to be associated with NK
cell functional inhibition. It has been suggested that the increasing
levels of IL-6 and IL-10 in SARS-CoV2-infected patients [140] can
directly attenuate the expression of PERF and granzyme B in NK
cells leading to their reduced cytotoxicity [138,141]. In a recent
study, Mazzoni et al. have shown an inverse correlation between
NK cell function and serum levels of IL-6 in COVID-19 intensive
care unit (ICU) patients. They also showed improved markers of
NK cell activation (granzyme A and perforin) in a small group of
the patients treated with tocilizumab [142]. Alternatively, IL-6
may also diminish the expression of NKG2D as an important NK
cell receptor which plays a crucial role in the elimination of virally
infected cells [143]. These findings along with the promising ther-
apeutic achievements in COVID-19 which obtained by IL-1R antag-
onist Anakinra [144] and Cytosorb [145] suggested that targeting
the IL-6 axis may benefit severe COVID-19 patients through the
improvement of NK cell functional activity. In addition to IL-6, as
an inhibitory factor, transforming growth factor beta (TGF)-b,
may be also involved in NK cell hyporesponsiveness in COVID-19
patients. This hypothesis can be supported by an observation that
showed significantly higher levels of TGF-b in SARS patients is in
direct correlation with their hospitalization length. Since TGF-b is
a key suppressor of NK cell functions, the higher levels of this inhi-
bitory molecule associated with other suppressing cytokines in
coronavirus patients may play an important role in the inhibition
of NK cell antiviral activity [146]. Besides abovementioned
cytokine-induced NK cell dysfunction, several line of evidence also
indicated an obvious decrement in circulating NK cell in COVID-19
patients especially in those with severe respiratory complications.
Studies showed higher neutrophil and lower lymphocyte counts in
blood obtained from COVID-19 patients compared to healthy con-
trols while patients with severe infection presented significant
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reduction in CD8+ lymphocytes and NK cells compared to those
with mild infection and healthy controls [147]. Similar patterns
are also observed in other coronaviruses. SARS infection is associ-
ated with significant reduction in NK cell numbers with the lower
levels indicated in severe disease [148] while a strong association
between Middle East respiratory syndrome (MERS) infection and
lymphopenia has been also reported [149–152]. The exact mecha-
nisms by which CoVs attenuate circulating NK cells in patients has
not been clear yet. One possible reason might be NK cell redistribu-
tion into the infected tissues [153], as some circulating lympho-
cytes including NK cells may migrate into pulmonary tissues in
response to inflammatory cytokines that released by infected
epithelial cells or engaged macrophages [154]. Actually, within
acute phase of disease, the significant accumulation of monocyte/-
macrophages and neutrophils in lung is associated with a robust
release of inflammatory mediators which activate and attract lym-
phocytes, including NK cells, to the site of infection [155]. How-
ever, the level of inflammatory state could be dependent on
disease severity where mild cases of disease showed alveolar
macrophages infiltration in lung whereas in patients with severe
ARDS, lungs were infiltrated by highly inflammatory monocyte-
derived macrophages [156]. This confirmed by Liao et al. observa-
tions that showed significantly more infiltration of NK cells into
the lungs in severe COVID-19 patients compared to those with
the mild infection [156]. However, it seems that NK cell cytopenia
can be considered as a reliable marker to characterize SARS-CoV-2
infected patients [157]. Regardless of indirect effects on NK cells
counts or functions, as these cells also express ACE2 [158], thus,
SARS-CoV-2 may directly interact with NK cells and suppress their
functions. It has been already shown that some RNA viruses which
cause acute pulmonary infections also induce NK cell apoptosis
[159,160]. COVID-19 patients also experience significant incre-
ment in expression of NKG2A as one of the most important inhibi-
tory receptors of NK cells. At the early stage of disease, the
upregulation of NKG2A results in the exhaustion of cytotoxic T
cells and NK cells, which thereby leading to disease progression
to severe stage [147]. Severe cases with ARDS have shown reduced
proportion of mature NK cells with increased NKG2A, PD-1, and
CD39 [161]. In this stage, although NK cells maintained their
degranulation capacity, they exhibited a hyporesponsive pheno-
type with reduced levels of TNF-a, IFN-c, IL-2 and granzyme B
[147]. In a study presented by Wilk et al., all COVID-19 patients
had significantly reduced population of CD56bright while of those,
patients with severe disease also exhibited depleted population
of CD56dim NK cells with the increased expression of the exhaus-
tion markers LAG3 and HAVCR2 [162]. In a study performed on
the cells obtained from bronchoalveolar lavage fluid of mild and
severe cases of COVID-19, Liao et al. found significantly more NK
cell infiltration into the lungs while they showed that patients with
severe disease had reduced proportions of NK cells highly express-
ing NKG2A and CD94 [156]. Accordingly, patients who recovered
from COVID-19 exhibited higher numbers of NK cells and lower
NKG2A expression in comparison with those with active disease
[147]. Since NKG2A overexpression exhausts the functional capa-
bilities of NK cell and thereby severely compromises the innate
immune response [163], whether inhibiting NKG2A in severe cases
of COVID-19 can be beneficial in patient treatment remains to be
determined. However, indirect answers to this question can be
found in some studies related to cancer treatment. These studies
also indicated that overexpression of NKG2A can subsequently
result in functional exhaustion of cytotoxic T and NK cells leading
to tumor growth [164,165]. Thus, it has been suggested that block-
ing NKG2A by an inhibiting antibody (Monalizumab) can restore
the function of CD8+ T and NK cells in cancers, restricting tumor
progression, with no significant side effects [166].
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8. NK cell role in the pathogenesis of COVID-19

There is a general belief that the cytokine storm induced by
hyperactive lung macrophages is the main reason of COVID-19
progression to a very acute and fatal condition. In pneumonia
model developed by Chen et al., pulmonary infection of SARS-
CoV was associated with a biphasic inflammatory response. The
first phase is orchestrated by a contribution between infected air-
way epithelial cells, alveolar macrophages, and recruited inflam-
matory monocyte-macrophages and neutrophils. At the early
stage of disease, these affected cells release different arrays of
cytokines and chemokines including TNF-a, IL-6, IFN-c -induced
protein (IP)-10, monocyte chemoattractant protein (MCP)-1,
macrophage inflammatory protein (MIP)-1a and Regulated upon
Activation, Normal T Cell Expressed and Presumably Secreted
(RANTES) [167,168]. These inflammatory mediators create a gradi-
ent that attracts NK cells, plasmacytoid (p), DCs, macrophages,
CD4+ T cells and NKT cells into the site of pulmonary infection
where they induce a second wave of inflammatory response by
the release of cytokines including TNF-a, IL-6, IFN-c, IL-2, IL-5,
and chemokines such as MCP-1, MIP- 1a, RANTES, monokine
induced by gamma interferon (MIG) and IP-10. The 2nd wave of
inflammatory mediators which occurs within 7 days after infection
is associated with the further infiltration of immune cells in lung
[169]. It seems that lymphocyte migration, including NK cells, into
the lungs, associated with their activation results in the significant
production of IFN-c [155], which may play a pivotal role in macro-
phage activation and cytokine storm in the acute phase of SARS
infection [146]. In this condition, augmented IFN-c production
exhausts T cell responses while resulting in epithelial and endothe-
lial cell apoptosis and vascular leakage which is associated with an
additional accumulation of activated macrophages. These are the
events that change the homeostasis of lung tissue leading to ARDS
[167]. Of note, the observation of a reverse correlation between
IFN-c levels and peripheral lymphocyte counts might be due to
either lymphocytes apoptosis or their lung sequestration induced
by IFN-c [146]. Similarly, in COVID-19, it is also thought that fol-
lowing viral invasion to pulmonary tissue, the release of innate
cytokines by infected targets leads NK cells to infiltrate into the
lungs. According to similar models of inflammation, it is postulated
that IFN-c liberated from NK cells plays an essential role in induc-
ing the stormy production of cytokines by macrophages and other
inflammatory cells. However, it is important to note that in COVID-
19 patients, NK cells themselves are affected by the inhibitory
effect of the virus and have virtually minimal cytokine release
activities. This is confirmed by significantly reduced population
of CD56bright NK cells during disease. Of note, in severe disease,
overexpression of inhibitory NKG2A receptor on circulating NK
cells also showed a hyporesponsive phenotype with lower levels
of IFN-c, TNF-a, IL-2, and granzyme B [147]. This is in accordance
with a study made by Chen et al. that also showed low production
of IFN-c in severe cases of COVID-19 [170]. Thus, however, NK cells
may play a role in inducing inflammatory conditions in the early
stages of COVID-19, the presentation of cytokine storm in a later
phase of disease cannot be mainly induced with such a phenotype
of NK cells. Instead, in these patients cytokine storm is manifested
by increasing inflammatory mediators including IL-2, IL-6, IL-7, IL-
10, G-CSF, IP-10, MCP-1, MIP-1A and TNF-a [171] of those, due to
critical role of IL-6 in propagating cytokine release syndrome (CRS)
[172], its targeting with anti-IL-6R monoclonal antibodies (e.g.,
tocilizumab, sarilumab, siltuximab) is of main interest for thera-
peutic approach. In this regard, according to the cytokine profile
in critically ill patients with life threatening respiratory distress,
it is clear that the absence of IFN-c can undermine its critical role
in the induction of CRS at this stage of disease. This is also in accor-
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dance with observations that highlight the association of high IL-6/
IFN-c ratio with severe disease in COVID-19 patients as higher
levels of IL-6 showed to be correlated with severe condition and
patients’ mortality [139,173,174]. In contrast, IFN-c expression in
complicated patients tends to be slightly lower than those
observed in moderate cases of disease, possibly due to the
decreased population of CD4+, CD8+, and NK lymphocytes in severe
cases of COVID-19 [175]. Therefore, despite the prevailing opinions
that consider NK cell released effectors to be the main cause of
cytokine storm in COVID-19 patients, it seems that this is basically
a defect in the lethal function of NK cells, which is the main cause
of disease severity. Most importantly, the significant shortage in
cytotoxic CD56dim NK cells at this stage of disease highlights the
critical role of these cells in the elimination of macrophage-
induced cytokine storms. Because under normal conditions, NK
cells are expected to effectively destroy infected macrophages
and other inflammatory cells that are responsible for causing cyto-
kine storms. On the other hand, it is also important to note that in
addition to NK cells, CD4+ T cells can also be a major source of
inflammatory mediators including IFN-c which exacerbate cyto-
kine storm following the involvement of adaptive immune system.
In a study on COVID-19 presented by Zhou et al. CD4+ T-cells from
ICU patients showed significant levels of GM-CSF, IL-6 and IFN-c
expression and release that contributing to cytokine storms. While
CD8+ T cells also express some levels of GM-CSF, neither NK cells
nor CD8+ T cells showed to express IL6 in these patients. Therefore,
in the presence of exhausted NK cells (non-secretory phenotype),
IFN-c released by other sources may play more prominent role in
the induction of cytokine storm. However, before being affected
by the virus, normal NK cells maybe primarily involved in potenti-
ating cytokine storms. Fig. 1 summarizes different pathways
through which SARS-CoV-2 induce macrophage hyper-activation
and CD4+ T cell release whereas suppressing NK and CD8+ T cell
functional activity.
9. NK cell therapy: Whether it would be effective to prevent the
severe condition of COVID-19

Because under normal conditions, NK cells are expected to
effectively destroy infected macrophages and other infected cells
which are responsible for causing cytokine storms (Fig. 2), their
lower circulating counts and exhausted phenotype [147,161,162]
may cause the severe condition of disease in COVID-19 patients.
Thereby, NK cell reconstitution in patients or adoptive transfer of
properly functioning NK cells might be a possible cure for the
patients even those who affected by severe condition. So far, three
approaches of NK cell-based therapies have gained most interest to
fight against COVID-19, which are included in receiving immune
stimulants by patients such as recombinant IL-2 [176] or IL-15
[177], to improve the in vivo activity of patients’ NK cells [178],
possible application of drugs that block NK cell inhibitory receptors
and therapeutic adoptive NK cells therapies [179]. So far, these
approaches have shown promising clinical results with the accept-
able safety and efficacy in the treatment of different malignancies;
however their potential application in effectiveness of NK cell ther-
apy for the treatment of viral infections has not yet been exten-
sively evaluated in large-scale clinical trials. Despite this, due to
the emergency situation created in the global epidemic of
COVID-19 and relying on the promising therapeutic results that
NK cell therapy has shown in the safe treatment of some cancers,
today, few clinical trials are studying the effectiveness of these
approaches in the treatments of COVID-19 patients. For NK cell
therapies, therapeutic cells can be obtained from two conventional
sources including functional NK cells expanded from granulocyte-



Fig. 1. Modulation of immune response by SARS-CoV-2: a) Virus directly interacts with alveolar and immune cells through expressed ACE2 receptors. b) Innate cytokines
released by infected alveolar cells (type II pneumocytes) attract and recruit immune cells to the site of pulmonary infection. c) Viral interaction with alveolar or recruited
macrophages induces the stormy release of cytokines (including TNF-a, IL-6, IP-10, MCP-1, MIP-1a and RANTES) leading to strong inflammatory response. d) Virus also
enhances CD4+ T cell cytokine release including GM-CSF, IFN-c and IL-6. Induced T helper activity increases macrophage activation and cytokine storm. e) SARS-CoV-2 causes
overexpression of inhibitory receptor NKG2A on NK and CD8+ T cells while diminishing their cytolytic functions against infected cells. f) These exhausted, less functional
cytolytic cells could at the most act as decoy cells. ACE; Angiotensin converting enzyme, GM-CSF; Granulocyte macrophage colony-stimulating factor, IFN; Interferon, IL;
Interleukin, IP-10; IFN-c-inducible protein 10, MCP; Monocyte chemoattractant protein, MIP; Macrophage inflammatory protein, SARS-CoV; Severe acute respiratory
syndrome-coronavirus, TNF; Tumor necrosis factor.

Fig. 2. NK cell mediated cytotoxicity against infected hyper-activated macrophage: a) Macrophage senses SARS-CoV-2 antigens with PRR receptors. Virus can also enter the
macrophage through the interaction with ACE2. b) Infected macrophages express reduced levels of MHC-I molecule, helping them to evade from CD8+ T cell recognition and
their cytolytic effects. c) Despite diminished expression of MHC-I molecule on macrophage, NK cell still recognizes different ligands on infected cells by its activating
receptors where their interactions augment potent cytolytic effects of NK cells against infected macrophages, lowering viral load and cytokine storms. ACE; Angiotensin
converting enzyme, MHC; Major histocompatibility, NK; Natural killer, PRR; Pattern recognition receptors, SARS-CoV; Severe acute respiratory syndrome-coronavirus.
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colony stimulating factor (G-CSF)- mobilized peripheral blood
mononuclear cells (G-PBMCs) [180] or stem cells [181] as well as
immortalized human NK cell lines which are genetically engi-
neered [182]. A unique advantage of NK cell expansion methods
is the ability to provide an optimal cell culture condition in which
the scientists can produce NK cells with the maximum levels of
cytotoxic potential [30]. Through different treatment strategies,
scientists can achieve to shift NK cell production to CD56dim popu-
lation with the highest levels of cytolytic effect rather than
CD56bright one which is usually considered as a phenotype with
highest capacity of IFN-c release [180,181]. Therefore, if NK cell
therapy is to be considered as an elective treatment for COVID-
19 patients, the best option is the administration of CD56dim NK
cells with the highest levels of cytolytic capacities. On the other
hand, it should be noted that due to the destructive role of IFN-c
in the acute exacerbation of patients’ condition with the induction
of cytokine storms [146], administration of CD56bright NK cells
might be harmful to the patients. In a same way, unlike genetically
engineered T cells that produce high levels of IFN-c, similar NK cell
lines do not produce high levels of this interferon and therefore
will not induce cytokine storms [147], which also suggests them
as a suitable choice for cell therapy in these patients. As the first
investigational cell-based drug for COVID-19 patients to be
approved by FDA, Celularity has introduced its off-the-shelf, allo-
geneic cryopreserved NK cell derived from placental CD34+ cells
to be used for cellular therapy in COVID-19 (clinical trials phase
I/II with gov identifier: NCT04365101) [183]. In phase I, the trial
aims to evaluate the adverse effects of NK cell infusion to the mild,
non-ICU COVID-19 patients. In another clinical trial being con-
ducted in China (ClinicalTrials.gov identifier: NCT04280224), 30
pneumatic COVID-19 patients are subjected to a conventional
treatment plus twice a week of NK cell therapies. More intrigu-
ingly, in a clinical trial study conducted in Colombia (clinical trials
phase I/II with gov identifier: NCT04344548), allogeneic NK cells
from PBMCs of healthy donors are subjected to patients infected
with SARS-CoV-2. They collect donors’ PBMCs by apheresis. Then
through immunomagnetic removal of several types of unwanted
cells such as B, T and CD33+ cells, they enrich NK cells which will
be expanded in bioreactors with GMP culture media supplemented
with IL-2, and IL-15. This technique is almost similar to the method
presented by the authors, except that in ours, the donors were pre-
scribed with G-CSF to mobilize more precursor cells into their cir-
culation (G-CSF mobilized PBMCs) [180]. Similarly, it seems that
here, the supplementation of IL-2 and IL-15 provides more NK cell
maturation (CD56dim phenotype) with an appropriate cytolytic
effect. Besides adoptive cell therapies, with the technologies avail-
able to produce chimeric antigen receptor (CAR)-NK cells, it is
nowadays also possible to design specific cell line expressing any
receptor(s) of interest to virtually enhance NK cell capabilities to
eliminate targets through the recognition of their specific antigens
[184,185]. This technique which has already applied for successful
treatment of some cancers, not only enhances the function of NK
cells but it also provides specificity for more targeted function of
these cells against malignancies. Currently, in a phase I/II study
(with gov identifier: NCT04324996), the researchers apply two dif-
ferent CAR-NK cells in COVID-19 patients, one is NKG2D-ACE2
CAR-NK cells which can target SARS-CoV-2 virions and infected
cells, and another is ACE2 CAR-NK cells. Once these cells get
infected with SARS-CoV-2 virions, they may act as decoy cells that
trap viruses while indirectly protect lung epithelial cells from the
infection. This design is based on the suggestion that ACE2
expressed by NK cell can act as a receptors for the virus. Instead
of NK cell therapy in COVID-19 patients, the patients may be alter-
natively treated with cytokines to enhance the function of their
persistence NK cells. The best selected cytokines ever used in clin-
ical trials are IL-2 and IL-15 [176–178] which are specifically
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involved in the expansion and maturation of NK cells [180].
Accordingly in a study on RV144 HIV-1 vaccine induced antibodies,
Fisher, Leigh, et al suggested that vaccine-induced ADCC-mediating
antibodies produce more effective cytotoxicity against infected
cells by NK cells incubated with IL-15 [186]. It seems that if the
cytokine therapy is successful, their use in the treatment of
COVID-19 patients can be less costly and time consuming than
NK cell therapies. However, due the fact that these interleukins
also act as pro-inflammatory cytokines, their therapeutic use
should be associated with extreme caution to prevent the worsen-
ing of COVID-19 patients’ inflammatory conditions. In particular,
previous studies have shown an association between elevated
levels of IL-15 and chronic pulmonary inflammatory diseases
[187] and Middle East respiratory syndrome coronavirus (MERS-
CoV) infection [188].
10. NK memory cells: new insights from vaccine development
to cell therapy against COVID-19

Several lines of evidence have shown that both neutralizing
antibodies (which prevent the virus from entering target cells)
and antibodies involved in cytotoxicity (ADCC) contribute to effec-
tive protection against viruses such as HIV and Ebola during infec-
tion or in vaccinated individuals [186,189]. However, after
vaccination, increasing the concentration of vaccine-induced anti-
bodies along with the developing differentiation of NK cells plays a
key role in preventing viral infection, the evidence that emphasizes
the importance of antibody-mediated activation of NK cells in
vaccine-induced immune responses. Here the eminent role of
ADCC activity in controlling early replication of virus, which is
achieved by the eradication of infected cells can even constrain
the possible escape pathways of neutralizing antibodies to ensure
efficient immune responses [190]. The clonal proliferation of
antigen-specific lymphocytes is also considered as a prominent
feature of immunological memory during primary infection. So
far, several lines of evidence indicated that similar to adaptive
immune cells, some subsets of NK cells can also present features
of antigen-specific memory [191]. This was first confirmed by a
study on primates (rhesus macaque) that indicated a strong and
durable, antigen-specific NK cell memory after viral infection (by
some immunodeficiency viruses) or vaccination (with Ad26 vec-
tors expressing specific Env or Gag antigens of viruses) [192]. In
this regard, identifying the population of ‘‘adaptive” NK cells
(NKG2C+CD57+) that have expanded and remained as memory cells
in CMV-infected patients is an important evidence for this claim in
human studies [193,194].These observations raise the possibility
that NK cell memory may also be generated to pathogens other
than CMV including SARS-CoV-2. More interestingly, NK memory
cells generated by CMV showed a persistent clonal expansion that
mainly express the activating receptor NKG2C whereas they were
negative or low for the expression of the inhibitory receptor
NKG2A [195]. This fact also attracts much interest to the future
studies on vaccine development as well as other putative medical
approaches that have so far highlighted the advantages of adoptive
transfer of NK cells in the management of severe cases of COVID-
19.
11. Conclusion

In the absence of any specific and definitive treatment for SARS-
CoV-2, researchers have to devise alternative therapies to some
extent to prevent the rapid spread and high mortality of COVID-
19 by different strategies. From the point of view of most research-
ers, cytokine storm is considered to be as the leading cause of
patients’ mortality and morbidity in severe cases of COVID-19.
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Therefore, any treatment that can alleviate these conditions in
patients to some extent can be life-saving and effective that should
not be ignored at all. Given the importance of strengthening the
innate immune system, especially the function of NK cells to halt
cytokine storms, it is very likely that this strategy will be effective
in preventing either acute conditions of COVID-19 or in treatment
of severe forms of this disease. In this regard, different strategies of
NK cell therapies will be a choice that may effectively benefit the
patients.
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