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ARTICLE INFO ABSTRACT

Keywords: With the global spread of coronavirus disease 2019 (COVID-19), the important role of natural killer (NK) cells in
Natural killer cells the control of various viral infections attracted more interest, via non-specific activation, such as antibody-
My dependent cell-mediated cytotoxicity (ADCC) and activating receptors, as well as specific activation, such as
EI(IX/IDJQ memory-like NK generation. In response to different viral infections, NK cells fight viruses in different ways, and
HBV different NK subsets proliferate. For instance, cytomegalovirus (CMV) induces NKG2C + CD57 + KIR+ NK cells

to expand 3-6 months after hematopoietic stem cell transplantation (HSCT), but human immunodeficiency virus
(HIV) induces KIR3DS1+/KIR3DL1 NK cells to expand in the acute phase of infection. However, the similarities
and differences among these processes and their molecular mechanisms have not been fully discussed. In this
article, we provide a summary and comparison of antiviral mechanisms, unique subset expansion and time
periods in peripheral blood and tissues under different conditions of CMV, HIV, Epstein-Barr virus (EBV), COVID-
19 and hepatitis B virus (HBV) infections. Accordingly, we also discuss current clinical NK-associated antiviral
applications, including cell therapy and NK-related biological agents, and we state the progress and future

prospects of NK cell antiviral treatment.

1. Introduction

Natural killer (NK) cells are important cytotoxic innate lymphocytes,
which contribute to infection control, malignancy and autoimmunity,
with a variety of inhibitory and activating receptors expressed on the
cell surface. Human NK cells are usually divided into two major pop-
ulations: the CD56bright/CD16dim subset with NKG2A expression and
the absence of killer cell immunoglobulin-like receptors (KIRs) and the
CD56dim/CD16bright subset with different proportions of KIRs, NKG2A
and NKG2C [1,2]. Usually, CD56dim/CD16bright cells settle in the lung,
but the CD56bright/CD16dim subset stays in the lymph gland [3,4].
During different viral infections, NK cells have multiple specific and
nonspecific mechanisms to control virus infection.

Traditionally, NK cells have been considered innate immune cells
that mediate antigen-independent nonspecific immune responses. Their
activation is first regulated by a balance between engagement of its
activating and inhibitory receptors in combination with the presence of
certain cytokines. Inhibitory killer cell KIRs recognize the “self’ and
provide inhibitory signals by binding to cognate human leucocyte an-
tigen class I (HLA—I). Viruses escape recognition by T cells by
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decreasing the expression level of HLA-I, and low HLA-I expression leads
to prevailing activating signals, activating NK cells and promoting the
recognition and clearance of virus-infected target cells [5-7]. Notably,
NK cells can also be activated through Fc receptors (i.e., CD16 or
FcyRIID) that identify infected cells by binding antibodies on them,
which leads to the release of cytotoxic factors, such as granzyme that
lyses cells, called antibody-dependent cell-mediated cytotoxicity
(ADCC) [8]. Moreover, NK cells can kill virus-infected cells by various
extracellular ligands, including Fas ligand (FasL) and tumour necrosis
factor-related apoptosis-inducing ligand (TRAIL), binding to death re-
ceptors induced by viral infection [9]. In addition to cytotoxicity, NK
cells contribute to the antiviral response by releasing a wide range of
proinflammatory cytokines with antiviral activity, such as IFN-y. In
addition, cytokines, such as interferons (IFNs), IL-12, or IL-18, released
by accessory cells can also activate bystander NK cells during viral
infection, which drives NK cells to proliferate and produce cytokines
[10].

However, in recent years, it has been well established that viral
infection can generate persistent and antigen-dependent NK cell mem-
ory responses called memory-like or adaptive NK cells [11]. Memory-
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like NK cells have more potent cytotoxicity and effector activity than
conventional NK cells [12]. Memory-like NK cells express the activating
receptors NKG2C, CD57 (mature marker) and KIR but lack the inhibitory
receptor NKG2A, both of which bind to non-classical HLA-I molecules
and HLA-E. Notably, human cytomegalovirus (HCMV) usually induces
the expansion of NKG2C+ NK cells, resulting from the interaction be-
tween NKG2C and HCMV-derived UL40 [13]. As a pioneering strategy,
accumulating and maintaining memory NK cells in the long run could be
a hopeful viral treatment in the future.

With the global spread of coronavirus disease 2019 (COVID-19) as an
international health crisis, the antiviral function of NK cells has been
brought into the public eye. At present, NK cell antiviral activity has
been extensively studied in cytomegalovirus (CMV), human immuno-
deficiency virus (HIV), Epstein-Barr virus (EBV) and hepatitis B virus
(HBV), especially during the COVID-19 pandemic. In this article, we
systematically summarize distinct antiviral mechanisms, amplification
subsets, window periods and clinical applications of NK cells during
CMV, HIV, EBV, HBV, and COVID-19 virus infections.

2. CMV induces the selective formation and expansion of
memory NK cells

NK cells are the earliest reconstituting immune cells, reaching
normal numbers within weeks after hematopoietic stem cell trans-
plantation (HSCT) and contributing to the graft-versus-tumour effect
along with T cells [14]. However, cytokine-producing and cytotoxic
functions of NK cells was decreased until 3-6 months after HSCT [15],
and reached normal reactivity levels by first year and maintained at later
times [16]. HCMV reactivation is a common post-transplant complica-
tion, often accompanied by the maturation of reconstituting NK cells
from BM and/or donor grafts, resulting in adaptive NK subset expansion,
which is associated with improved disease-free survival [17-19].

The NK cell response to mouse cytomegalovirus (MCMV) has pro-
vided important insights into how NK cells specifically recognize and
control viral infection and how infection affects NK cells [20]. MCMV
infection can induce the selective amplification of Ly49H+ NK cells and
skew the NK cell repertoire, dependent on the interaction between m157
and Ly49H [21]. The activating receptor DNAM-1 on Ly49H+ NK cells
together with Ly49H cooperatively trigger initial proliferation, allowing
differentiation into memory NK cells [22].

NK cells have several mechanisms to recognize and control HCMV
infection. Non-HLA-I-specific activating receptors and co-receptors,
including natural cytotoxicity receptors (NCRs), NKG2D, DNAM-1,
and 2B4, recognize infected cells through cellular ligands. ADCC via
CD16 engaged by the Fc fragment of antiviral immunoglobulins is
another way NK cells kill infected cells. In addition, NKG2C interacts
with the HLA-E-presenting peptide UL-40 derived from CMV. Moreover,
NK cells express different toll-like receptors (TLRs) to recognize various
pathogen-associated molecular patterns (PAMPs) derived from CMV
[19].

Pioneering studies indicated that, compared to seronegative in-
dividuals, HCMV-seropositive individuals had increased NK -cells
expressing the activating receptor NKG2C, showing a skewed co-
expression pattern of receptors that included high expression of CD2
combined with low expression of NKG2A, Siglec-7, NKp30 and FceR1y
[11,23,24], known as memory-like NK cells [25]. As NKG2A has a
higher affinity for ligand participation in competition with NKG2C, the
absence of NKG2A is a basic element for the amplification of NK cells
with greater cytolytic activity [12].

Interestingly, NKG2C+ NK cells from HCMV-seropositive individuals
display high expression of CD57 and KIRs specific for self-MHC class I
molecules (sKIRs), as evidence of clonal expansion [23]. The KLRC2/
NKG2C gene plays a remarkably similar role to Ly49H in mice, pro-
moting the clonal expansion of NK cells and causing a bias toward self-
specific inhibitory KIRs [23,26]. A study demonstrated that HCMV-
seropositive individuals with NKG2C gene deficiency can produce
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memory-like NK cells in the absence of NKG2C, which are similar in
phenotype and function to NKG2C-expressing NK cells, suggesting the
existence of alternative pathways of NK memory [26]. In CMV-
reactivated patients, NK cells expressing NKG2C increased signifi-
cantly at 3 months and 6 months post-transplant. Beyond 6 months, the
percentages of NKG2C+ NK cells did not increase further [27]. Under
HCMV infection, memory-like KIR+/NKG2C+/CD57+/CD49a+/
CD56dim/CD16- NK cells have been identified in the lungs [28], indi-
cating that this subset is involved in CMV control. A prospective clinical
trial has also studied the number of adaptive NK cells (CD56dimCD57 +
NKG2C+) of patients undergoing autologous HSCT after CMV-modified
vaccinia Ankara (MVA) Triplex vaccination (NCT03383055). Another
phase 1 clinical trial (NCT01904136) demonstrated the feasibility and
safety of infusion of ex vivo-expanded donor NK cells before and after
haploidentical HSCT, which improved NK-cell number and function,
decrease viral infections and the relapse rate [29].

Therefore, NKG2C+ NK cells have memory characteristics that are
transplantable and require active or latent (subclinical) expression of
CMV antigen in the recipient for clonal expansion of NK cells previously
exposed to CMV in the donor [27]. However, the causal relationship
between the expansion of adaptive NK cells and CMV control is not clear.
Meanwhile, it remains to be determined how cytokine-induced memory-
like NK cells [30] can be successfully expanded and which genes are
essential for adaptive NK cell reconstitution. (Fig. 1).

3. IV causes KIR3DS1 + KIR3DL1+ NK cells to expand and
activate NK cells by TLRs

NK cells are the first population to expand following HIV infection,
preventing HIV replication and controlling disease [31]. During HIV
infection in vivo, the KIR3DS1 + KIR3DL1+ NK cell subset expands
[32]. A study showed that KIR3DS1+ NK cells can effectively suppress
HIV-1 replication in HLA-B Bw480I+ target cells in vitro [33]. Following
1 year of infection, the level of KIR3DS1 + KIR3DL1+ NK cells remained
higher and persisted at higher levels in subjects expressing HLA-B
Bw480I. KIR3DL1 and KIR3DS1, whose corresponding receptor, the
HLA-Bw4 motif, is associated with a slower decrease in the number of
CD4+ T cells, were among the first receptors considered to participate in
the recognition of HIV by NK cells [34]. However, the mechanisms
underlying their protective role are still unclear.

There are three major methods by which NK cells control HIV
infection, including DC editing, recognition of TLRs and cytokine
secretion. Mature dendritic cells (DCs) are the main antigen-presenting
cells (APCs) that initiate the adaptive immune response. The NK/DC
interaction results in lysis of immature DCs via NKp30 killing and
secretion of IFN-y and preservation of mature DCs, which upregulate
HLA molecules, called “DC editing”, enhancing the antigen presentation
function of DCs in infected subjects [35].

TLRs, a type of PRR, on NK cells recognize PAMPs on infected cells,
activating NK cells. Notably, TLR agonists efficiently activate NK cells
during HIV infection, among which TLR3, TLR7, TRL8 and TRL9 ago-
nists display remarkable effects [36,37]. TLR3 engages viral RNA,
inducing the activation of nuclear factor kappa-B (NF-kB) and powerful
inflammatory responses mediated by type I IFN release. TLR7 and TLR8
agonists directly activate NK cells or activate NK cells via DC signalling
[36,38]. TLR9 activates NK cells mainly through activating pDCs
following the secretion of IFN-q, recruiting more cytotoxic NK cells and
effector CD8+ T cells [39].

Additionally, it has been reported that NK cells produce increased
IFN-y; tumour necrosis factor (TNF)-o; and the p chemokines CCL3,
CCL4, and CCL5, which are ligands for CCR5, in HIV-1-exposed but
uninfected individuals, which addresses the role of NK cells in resistance
to HIV infection [40,41]. HIV-envelope/CD4 complex binds to the cor-
eceptors CCR5 [42,43], which compete with and mimic cc-chemokines,
resulting in activation of T cells [44,45]. It states that HIV-infected
environment is both immunosuppressive and inflammatory and cc-
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chemokines can suppress infection through competing with HIV
[46,47].

Nevertheless, the activated signalling pathways and molecular
mechanism underlying resistance in repeatedly HIV-1-exposed, unin-
fected individuals are unclear. Uninfected individuals produce high
levels of IL-22, which is involved in the production of acute-phase
proteins and results in chemokine receptor 5 (CCR5) phosphorylation,
downregulation of CCR5 expression, and strongly decreased suscepti-
bility of these cells to in vitro infection with a primary HIV-1 isolate
[48]. In addition, IL-22 can also induce epithelial cells to produce
antimicrobial molecules and IL-10 and act on DCs, T cells and B cells,
promoting viral antigen presentation and reducing HIV reservoirs
[18,49,50].

Several studies have demonstrated that infection and vaccination can
induce robust, durable, and antigen-specific NK cell memory responses
in primates after SIV infection, but it is unclear whether or how either
receptor is directly involved [51,52]. Evaluating the memory-like NK
cell phenotype will enable the development of a new HIV vaccine,
allowing patients to respond with strong cytotoxic activity and IFN-y

B-chemokines
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Preservation
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Fig. 1. The anti-HCMV mechanisms of NK
cells.

Non-HLA-I-specific activating receptors and
co-receptors on natural killer (NK) cells,
such as NKG2D, recognize human
cytomegalovirus(HCMV)-infected cells by
ligands, MICA/B. The antibody dependent
cell-mediated cytotoxicity(ADCC) mediated
by CD16 and the Fc fragment of antiviral
immunoglobulins is another mechanism.
NKG2C on NK cells is engaged by peptide
UL-40, derived from HCMV, presented by
human leucocyte antigen (HLA)-E. Toll-like
receptors(TLRs) on NK cells recognize
various pathogen associated molecular pat-
terns (PAMPs) derived from HCMV.

production in a “specific” way at the early stage of infection [35].

Anti-HIV-1 broadly neutralizing Ab (bNAbs) can enhance the cyto-
toxic effect on target cells through ADCC and inhibit viral replication
[28,29]. Recently, bNAbs were expanded and purified from HIV-1-
infected patients, overcoming the problem of slow natural production
and low levels in plasma. In addition, a type of molecule called bispecific
killer engager (BiKE) containing the Fab portion of bNAD linked to a
nanobody that binds CD16 improves NK cell-mediated ADCC against
HIV-infected targets [53].

As an expected therapy, the IL-15 super-agonist can enhance NK cell
responses by production of cc-chemokines [54-56], in the immuno-
suppressive and inflammatory environment of chronic HIV infection
[57]. HIV-infected cells are more infectious than free virus both in vitro
and in vivo [58]. IL-15 can boost NK cell activities to kill latently
infected cells in the presence of antiretroviral therapy, helping avoid
new cell infection and diminish viral reservoir size and viral eradication
[59]. In a clinical trial, on day O, subjects will be infused with IL-15
Super Agonist ALT-803 (N-803)-activated NK cells on days 21 and 42,
receiving additional doses of N-803 to evaluate its effect and safety

Fig. 2. The anti-HIV mechanisms of NK cells.

In human immunodeficiency virus (HIV)-infected
individuals, the natural killer(NK) cells /dendritic
cells (DCs) interaction lyses immature DCs via NKp30
and IFN-y and preserve mature DCs via upregulating
HLA molecules, called “DC editing”. Toll-like recep-
tor (TLR)3, TLR7, TLR8 and TLR9 on NK cells
recognize pathogen-associated molecular patterns
(PAMPs) on infected cells, activating NK cells. NK
cells produce increased tumour necrosis factor (TNF)-
o and the B chemokines.

Uninfected individuals produce high levels of IL-22,
downregulating chemokine receptor 5 (CCR5)
expression and inducing epithelial cells to produce
antimicrobial molecules.

HIV
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(NCT03899480). As a kind of cell therapy, haploidentical NK cells were
infused into HIV-infected subjects with IL-2 in a clinical trial to monitor
safety and tolerance on days 2, 4, 6, 8 and 10 after infusion
(NCT03346499). (Fig. 2).

4. EBV exhibits distinct expansion of CD56bright cells in tonsils
and alters the repertoire of NK cells in the blood

EBV, a double-stranded linear DNA virus, is a member of the gamma-
herpes virus family. EBV infection, known to be the first cause of in-
fectious mononucleosis (IM), is one of the risk factors for the develop-
ment of multiple sclerosis (MS). EBV first infects epithelial submucosal
cells where the virus replicates and then results in its malignant trans-
formation. EBV infection can also cause a broad spectrum of B cell or
NK/T cell lymphomas.

Tonsils, as the portal of EBV entry, have different NK cell subgroups
in naive and germinal centres to limit EBV infection of tonsillar B cells
[31]. Anti-EBV tonsillar NK cells are characterized by CD56bright/
NKG2A+/CD94+/CD54+/ CD62L- expression, which prevent EBV-
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Fig. 3. The anti-EBV mechanisms of NK cells.
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induced B cell malignant transformation in vitro by IFN-y release and
NKp44 engagement [60].

Primary infection with human oncogenic EBV can result in infectious
mononucleosis (IM). Several studies have demonstrated that NKG2A+/
CD56bright NK cells can also restrict early EBV infection in B cells
[61,62]. In acute IM, NK cells are significantly elevated in peripheral
blood four weeks post-infection at diagnosis compared with healthy
controls, in which the proportion of CD56bright cells increased [63,64],
identified as CD3 — NKp46+ with increased CD16 expression. This
enhanced recruitment to the blood is related to a contraction of NK cell
frequencies in both the periphery and spleen [63,64].

However, under CMV infection and chronic graft-versus-host dis-
eases (cGVHD), EBV infection induces expansion of the NKG2A+/
CD56dim NK cell subset [65]. In EBV reactivation and EBV-cGVHD
patients after HSCT, the subset of NKG2A+/CD56dim NK cells sub-
stantially increased in blood and persisted up to 150 days post-
transplantation, with the NKG2C+/CD56dim subset scaling down
compared with no EBV reactivation cGVHD patients [66]. In addition,
CMV and EBV coinfection induces an increased frequency of the

EBV infected B
cells @ |

malignant
transformation

EBV infected B

cells

\ Entry
"

malignant
transformation '

In peripheral blood, natural killer(NK) cells are activated by dendritic cells (DCs) to produce IFN-y and increase cytotoxicity upon encountering IFN-a/p. IFN-y
prevents epstein-Barr virus (EBV) from entering B cells and prevent EBV-induced B cell malignant transformation.
In tonsils, CD56bright / NKG2A + NK cells prevent EBV-induced B cell malignant transformation in vitro by IFN-y release and NKp44 engagement.
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CD56dim/NKG2A+/CD57+ NK cell population, which remains
elevated in number up to 6 months after infection and results in a
decrease in the absolute number of immature CD56bright/CD16- NK
cells in the blood [62,65,67].

NK cells play a critical role in controlling EBV infection, mainly
promoting cytotoxicity against EBV-transformed cells during the acute
phase and limiting EBV viral load [63,68,69]. The anti-EBV mechanism
of NK cells is not profoundly studied. The cytotoxicity of NK cells is
potently activated by EBV-induced ligands on infected B cells [70].
Additionally, NK cells can be activated by pDCs and cDCs to produce
IFN-y and increase cytotoxicity upon encountering IFN-a/p. NK cells can
prevent EBV from entering B cells and prevent B cell transformation via
IFN-y [71]. Peripheral blood human NK cells preferentially lytically
recognize EBV-replicating B cells via downregulation of surface MHC
class I molecules on infected cells [64,72]. (Fig. 3).

Nasopharyngeal carcinoma (NPC), linked to EBV infection, is char-
acterized by a lymphomononuclear infiltrate, which is a suitable
candidate for cellular-based immunotherapy due to its expression of
potentially targetable tumour-associated viral antigens. The number of
NK cells in NPC has prognostic significance. NK cells have also
attempted to be an alternative approach for adoptive cell therapy in NPC
[73]. Due to the shorter lifespan of NK cells compared to cytotoxic T cells
(CTLs), it is necessary for a suicide vector to control the over-expansion
of transferred cells [73]. Presently, in a phase I/II clinical trials, high-
activity NK cells and expanded NK cells combined with cetuximab are
currently used to treat refractory NPC (NCT 02507154).

5. COVID-19 causes NK cell decreases in peripheral blood and
NK cell increases in adaptive-like tissue residue in the lung

The activation of NK cells plays an important role in controlling the
initial stage of severe acute respiratory syndrome coronavirus (SARS-
CoV) infection. During COVID-19, NK cells have several mechanisms to
control the virus. At the early stage of infection, NK cells, macrophages
and plasmacytoid DCs (pDCs) can migrate into the lungs, which occurs
after the first wave of enhanced cytokine expression, including TNF-a,
IL-6, CXCL10, CCL2, CCL3 and CCL5, produced by airway epithelial cells
and alveolar macrophages, with an increased titer of the virus [74]. NK
cells control COVID-19 through antiviral cytokine production (e.g., IFN-
v) and lysis of virus-infected cells [75,76]. In addition, abundant pro-
duction of IgG subclasses IgG1 and IgG3 secreted by B cells may trigger
NK cell killing of infected cells via ADCC through the IgG-Fc receptor
[77]. A recent study observed efficient SARS-CoV-2 S-glycoproteins
(S309- and S306), triggering ADCC in SARS-CoV-2 S-glycoprotein-
transfected cells [78]. An analysis revealed the expression levels of
perforin and granzyme B in CD56bright NK cells are associated with
disease severity, which shows positive correlation with sequential organ
failure assessment (SOFA) and activation of effector molecules within
cells, and negative correlation with PaO,/FiO, ratio and inhibitory
checkpoint molecule T cell immunoreceptor with Ig and ITIM domains
(TIGIT), potentially involving NF-kB, PI3K-Akt, and FoxO signalling
identifiedby protein-protein interaction network [79,80]. In addition,
the IFN response begins within 12 h post-inoculation and peaks within
18-24 h along with maximal viral replication, secreted by leucocytes in
the lung, gut and mesenteric lymph nodes [81]. Moreover, in COVID-19
cases, elevated IL-6, IL-10 and TGF-f are responsible for suppressing NK
cell antiviral activity through downregulation of NKG2D [82,83].
However, how NK cells specifically control COVID-19 has not been
clearly studied.

Emerging studies have demonstrated that adaptive-like lung tissue
resident [tr]NK cells, characterized by KIR and NKG2C expression, can
specifically expand during COVID-19. Previous studies have shown that
NK cell activation contributes to the control of infection as well as to
cytokine storms via the secretion of IL-1, IL-6, IL-8, and IL-10 [84]
[85,86]. Elevated IL-6 and IL-10 levels are observed in severe COVID-19-
infected patients, which inhibit NK cell activity [85].
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It has been reported that, in a cohort study of 221 patients with
SARS, 72 cases of severe SARS showed a significantly lower total num-
ber of NK cells and CD158b + (KIR2DL3) NK cells than those in mild
cases (National Research Project for SARS, Beijing Group, 2004) for the
entire disease course and began to recover after the 40th day of the
disease [79]. Recent evidence suggests that respiratory viruses, such as
SARS-CoV and Middle East Respiratory Syndrome coronavirus (MERS-
CoV), initially inhibit the innate immune system, ensuring stable repli-
cation during the early stage of infection [12]. Multiple studies have
reported reduced numbers of NK cells in the peripheral blood of COVID-
19 patients, whereas the number of CD4+ T cells increases [87,88],
likely because of the CXCR3 pathway that recruits NK cells from the
peripheral blood to the lungs [85].

NK cell therapy is highly expected to treat COVID-19 infection in the
future. It generally uses either primary NK cells isolated from peripheral
blood mononuclear cells (PBMCs), generated from stem cell precursors,
or genetically engineered immortalized human NK cell lines, which are
often pre-treated and expanded in vitro with cytokines or co-cultured
with target cells before infusion into patients [89-91]. The first cell-
based drug to be approved by the FDA for clinical testing in COVID-19
patients is an allogeneic, off-the-shelf, cryopreserved NK cell therapy
made by Celularity, an immunotherapy containing NK cells derived
from human placental CD34+ cells and culture-expanded (CYNK-001),
originally developed for cancer immunotherapy. A phase I/II trial is
being performed to determine the safety and efficacy of CYNK-001 in
patients with moderate COVID-19 disease (NCT04365101). Another
phase I/II study in early-stage COVID-19 patients (within 14 days of
illness) employing chimaeric antigen receptor (CAR)-NK cell therapy is
currently being tested by using off-the-shelf NK cells derived from
human umbilical cord blood expressing NKG2D-ACE2 CARs
(NCT04324996). NKG2D-ACE2 CAR NK cells secrete a super IL-15
superagonist and GM-CSF neutralizing scFv, which has been shown to
be correlated with COVID-19 disease severity in association with path-
ogenic CD4+ Thl cells [92]. Additionally, it has been reported that
blocking NKG2A in vitro with NKG2A monoclonal antibodies leads to
improved NK cytotoxicity [93]. Given the association between NKG2A
expression in patients with severe COVID-19, a promising avenue of
COVID-19 treatment would be anti-NKG2A therapy, even despite results
showing that NKG2A+ NK cells are tuned to present a higher level of
responsiveness to stimulation [94].(Fig. 4 and 5).

6. HBV increases the number of CD56dim NK cells in acute
infection and reduces NK cells in chronic infection

NK cells, accounting for 25%-50% of the total number of liver
lymphocytes, play an important role in liver immunity and early viral
clearance in acute hepatitis B virus (HBV)-infected patients. Human
liver NK cells include the CD56bright and CD56dim subsets. The two
subsets exhibit significant differences in their responses to IL-2, intrinsic
cytotoxic capacity, cytokine production and adhesion molecule expres-
sion. For example, CD56bright NK cells expand in response to low doses
of IL-2, whereas CD56%™ NK cells respond poorly to IL-2 stimulation and
produce lower amounts of cytokines but are more cytotoxic against NK-
sensitive targets than CD56bright NK cells. CD56bright NK cells express
high levels of the CD94/NKG2 C-type lectin receptors, and few of them
express KIRs, while CD56dim NK cells have adverse effects [95].

Interestingly, the cytolytic CD56dim NK-cell subset in the peripheral
blood is selectively activated and expands in acute HBV infection, dis-
playing distinct phenotypic and functional profiles associated with
efficient and early control of HBV. This implicates NK cell cytolytic re-
sponses in the early containment and resolution of HBV infection
[60,96]. Furthermore, early clearance of hepatitis B surface antigen
(HBsAg) can be predicted by a distinct CD56dim NK cells phenotypic
profile [60,96]. In HBV-infected patients, memory-like FceRIy-/
CD56dim NK cells with higher NKG2C and lower NKG2A expression
undergo increased cytokine responses and CD16-mediated ADCC
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In coronavirus disease 2019 (COVID-19), natural killer (NK) cells activated by tumour necrosis factor (TNF)-a and IL-6, et al., migrate to lungs and release cytokines,
such as IFN-y. The antibody dependent cell-mediated cytotoxicity (ADCC) via severe acute respiratory syndrome coronavirus (SARS-CoV)-2 S-glycoproteins triggers
NK cell killing of infected cells .The activating receptors on NK cells recognize the ligands on infected cells, activating NK cells.
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The natural killer (NK) cells derived from human placental CD34+ cells and culture-expanded (CYNK-001) are in clinical test to determine the safety and efficacy in
patients with moderate coronavirus disease 2019(COVID-19) disease (NCT04365101). NK cells derived from human umbilical cord blood expressing NKG2D-ACE2
chimeric antigen receptors(CARs) and culture-expanded are in clinical test in early-stage COVID-19 patients (within 14 days of illness) (NCT04324996).

compared to conventional CD56dim NK cells following exposure to
HCMV [97].

NK cells accumulate within the liver and peripheral blood and can
directly kill infected cells or indirectly kill them through the production
of cytokines. Activated Kupffer cells (KCs), (DCs), and natural killer T
(NKT) cells can induce NK cell activation with higher levels of cyto-
toxicity and cytokine production and accumulate within the liver via a
variety of cytokines [95]. It has been reported that the expression levels
of NKG2D ligands are upregulated in hepatocytes, cholangiocytes,
activated hepatic stellate cells (HSCs) and KCs in human liver diseases
and animal models, binding to NKG2D on NK cells and subsequently
activating NK cells [95,98]. NK cells produce a variety of cytotoxic
mediators that control HBV infection and inhibit liver fibrosis by killing
activated HSCs and alleviating liver fibrogenesis [95,99]. They also
induce liver injury by killing hepatocytes and cholangiocytes [100].
Furthermore, in HBV-infected patients, the expression of TRAIL on he-
patic NK cells is characteristically upregulated, by which NK cells lyse

infected cells [101].

Chronic liver diseases are associated with a decreased number of NK
cells and impairments in NK cell cytotoxicity and cytokine production
[95]. The number of NK cells is lower in the liver in chronically infected
HBV patients than in healthy individuals [102]. Interestingly, intra-
hepatic NKG2A+ NK cells are more clearly decreased in HBV patients.
Most reports have shown reduced expression of activating receptors
(NKG2D/DAP10 and 2B4/SAP) and increased expression of inhibitory
receptors (NKG2A) on hepatic or peripheral NK cells [103]. In the pe-
ripheral blood of hepatocellular carcinoma (HCC) patients,
CD56dimCD16pos NK subsets displayed a dramatic reduction with
reduced IFN production and cytotoxicity, whereas CD56bright NK cells
were dramatically increased [104]. Peripheral activated CD56bright NK
cells from HBV-related decompensated liver cirrhosis (HBV-DLC) pa-
tients might be in a high immune activation status, expressing lower
levels of inhibitory receptor CD158b1/2, higher levels of activating re-
ceptor NKG2D, and significantly higher expression of perforin and
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granzyme A/B, which is positively correlated with cytolytic capacity
[105]. Moreover, a significant increase in the frequencies of CD56bright
NK cells was observed in patients in the inactive carrier (IC) phase
[106]. Notably, the number of NK cells in the blood and tumour tissues
of HCC patients was positively correlated with their survival and prog-
nosis [107,108]. Reduced NK cell activity was associated with increased
CD4 + CD25+ T regulatory cells in the tumour environment of HCC
patients, whose circulating Treg frequency was increased significantly,
and Treg-treated NK cells produced less IFN-y [104].

Immune modulatory therapies via NK cells are widely believed to
represent potential therapeutic strategies for chronic HBV infection.
However, in patients with chronic HBV infection, NK cells have been
described to be more pathogenic than protective, with preserved cyto-
lytic activity but a poor capacity to produce antiviral cytokines. There-
fore, modulation of their balance can have potential therapeutic
implications [109].(Fig. 6).

7. Future

Although NK cells are expected to be one of the main effective
antiviral treatments for different viruses in the future, virus immune
escape, especially NK evasion, remains an unresolved problem. For
example, by suppressing NK cell-activating signals or retaining and
increasing NK cell-inhibitory signals, herpesviruses evade the killing
effect of NK cells [109]. In addition, the expression of UL18, a viral HLA-
I decoy on infected cells, whose affinity for leukocyte Ig-like receptor
(LIR-1) is higher than that of HLA-I, suppresses the cytotoxicity of LIR-
1+ NK cells to avoid NK cell cytotoxicity. Additionally, virus-infected
cells express UL40, containing HLA-E binding epitopes, which upregu-
late the cell surface expression of HLA-E and also increase the cell sur-
face expression of MHC-1 bait protein UL18, thus escaping from anti-
viral NK cells [110]. During infection with HIV, viral peptides, which
do not interact with inhibitory KIRs, can be presented on HLA-C and

activating
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Fig. 6. The anti-HBV mechanisms of NK cells.
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thereby abolish the inhibition, as exemplified by a Gag-derived peptide
and KIR2DL2+ NK cells [111].

Memory-like NK cell- and CAR NK cell-based approaches have
emerged as novel strategies for antiviral therapies.

A memory-like NK cell subset showing increased effector functions
when re-encountering viral antigens or following proper activation with
proinflammatory cytokines has been identified [75]. Whether viruses
are capable of evading NK cell adaptive immune responses is also un-
clear [112]. A recent finding revealed that enhanced autophagy is
essential for the generation of NK cell memory during MCMV infection,
since an increasing number of viral products are capable of modulating
autophagy through diverse mechanisms [113,114]. However, whether
NK cell adaptive memory is suppressed by viral infections and cytokines
via autophagy is not well understood.

In addition, induced pluripotent stem cell (iPSC)-derived NK cells,
with enhanced activity and efficiency, also provide a promising
perspective for CAR NK cell therapy, which helps establish an off-the-
shelf clinical-scale cell bank [115].
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