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Abstract: Hepatitis C virus (HCV) infection develops into chronic hepatitis in over two-thirds of acute
infections. While current treatments with direct-acting antivirals (DAAs) achieve HCV eradication in
>95% of cases, no vaccine is available and re-infection can readily occur. Natural killer (NK) cells
represent a key cellular component of the innate immune system, participating in early defence against
infectious diseases, viruses, and cancers. When acute infection becomes chronic, however, NK cell
function is altered. This has been well studied in the context of HCV, where changes in frequency and
distribution of NK cell populations have been reported. While activating receptors are downregulated
on NK cells in both acute and chronic infection, NK cell inhibiting receptors are upregulated in
chronic HCV infection, leading to altered NK cell responsiveness. Furthermore, chronic activation of
NK cells following HCV infection contributes to liver inflammation and disease progression through
enhanced cytotoxicity. Consequently, the NK immune response is a double-edged sword that is a
significant component of the innate immune antiviral response, but persistent activation can drive
tissue damage during chronic infection. This review will summarise the role of NK cells in HCV
infection, and the changes that occur during HCV therapy.
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1. Introduction

Hepatitis C virus (HCV) is a hepatotropic flavivirus and a major cause of chronic viral hepatitis,
liver cirrhosis, and hepatocellular carcinoma (HCC) [1]. Approximately 55-85% of cases presenting
with acute HCV infection progress to chronicity, with 20-30% developing liver cirrhosis, and 1-4%
progressing to hepatocellular carcinoma [2]. Due to undiagnosed disease and lack of treatment
availability, an estimated 1-3% of the world population currently lives with HCV infection [3].
The prevalence of HCV infection is particularly high in low-income countries within Asia (0.4-6.8%),
North Africa/Middle East (2.5-3.9%), and sub-Saharan Africa (1.0-5.3%) [4,5]. Lower incidence is seen in
the Oceania (0.1-1.5%), the Caribbean (0.2-1.3%), Europe (0.9-3.3%), and the Americas (0.9-1.9%) [4,5].
Despite these established ranges, countries such as Cameroon (13.8%), Burundi (11.3%), and Gabon
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(9.2%) have particularly high HCV seroprevalence due to limited availability of HCV screening and
treatment strategies [4,5].

The antiviral immune response to hepatitis C is traditionally understood to be driven by the
adaptive immune cells such as B cells and T cells, and more recently by innate immune cells, specifically
natural killer (NK) cells. While adaptive immunity and hence antigenic specificity of B and T cells to
viral infection is generated through somatic rearrangement of antigenic receptors, it is significantly
slower than the innate immune response. NK cells possess an innate ability to provide a fast acting and
potent response to cells deemed harmful, such as cancer and virus-infected cells, which is controlled
by a number of NK cell receptors (discussed in detail below). This review will focus on the role NK
cells play in HCV infection, inflammation, and fibrosis, as well as their potential use as biomarkers for
antiviral response and future treatment strategies.

2. Natural Killer Cells

NK cells are lymphocytes that are derived from the bone marrow, develop in lymphoid tissue, and
migrate into the bloodstream and tissue. Consequently, NK cells are present throughout the body and
participate in the early defence against pathogens and cancer [6]. These innate lymphocytes can mount
a rapid immune response (within hours to days) in the absence of specific antigen recognition [6].
This generally occurs before the induction of the adaptive immune response and is essential to control
the spread of acute viral infections.

When compared to T and B cells, NK cells do not bear antigen-specific cell surface receptors
in the traditional sense. For this reason, their function is not dependent on antigen presentation
and/or clonal expansion. Instead, NK cells express a plethora of unique cell surface inhibitory
and activating receptors (Table 1) [7]. High-dimensional analysis has revealed between 6000 and
30,000 combinatorial NK cell phenotypes can exist within an individual, with expression of inhibitory
receptors largely genetically determined, and that of activating receptors primarily environmentally
driven [8]. These receptors interact with ligands present on healthy or diseased cells to enact inhibitory
or stimulatory NK cell activity, respectively. The cumulative signal mediated by these determines
the NK cell response. If activated, NK cell effector functions are broadly divided into two categories:
cytotoxic and cytokine-secreting. Cytotoxicity is mediated by the granule exocytosis pathway [6] or via
death receptor pathways. The granule exocytosis pathway relies on delivery of serine proteases, called
granzymes, into the target cell cytoplasm through pores formed by proteins perforin and granulysin.
During degranulation, human NK cells release several of the five granzyme proteins (A, B, H, K, M;
with varying protease specificities) which can induce caspase activation, mitochondrial dysfunction, or
caspase-independent apoptosis (Reviewed in [9]).

Table 1. Activating and inhibitory human natural killer (NK) cell receptors.

Ref

Types Receptor Ligand (Ligand) Acute  Chronic In Vitro Ref (Expression)

e . Yoon et al., 2011; Sene et al.,
Activating NKG2D MICA/B, ULBP1-6 [10,11] o l l 2010; Alter et al,, 2011
Receptor -9y NKG2C HLA-E [12] T Szereday etal,, 2016

KIR2DL4 HLA-G [13]
KIR2DS1 HLA-C2 [14] o Cosgrove et al., 2014
KIR2DS2 HLA-A11 [15]
KIR2DS3 Unknown

HLA-A11

/ 16,17

KIR2DS4 HLA-CO5:01 [16,17]
KIR2DS5 Unknown

KIR3DS1 HLA-F [18]
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Table 1. Cont.

. Ref . . .
Types Receptor Ligand (Ligand) Acute  Chronic In Vitro Ref (Expression)
B7H6, BAT3, HCMV Yoon et al., 2016; Holder et al.
NKp30 4 / 9] , ; ,
P pp65, HS [19-22] ! ! ! 2013; Alter et al., 2011
Heparin, viral HA Sene et al., 2010;
Kp4 , o5 ,2010;
NKp46 and HN, CFP [21,23-25] ! ! ! Alter et al., 2011
Viral HA and HN,
NKp44 PCNA, HS [21,25-27] © © Alter et al., 2011
Yoon et al., 2016;
DNAM-1 CD112, CD155 (28] ! ! Bozzano et al., 2011
[ , Alter et al., 2011;
Inhibiting KIR2DL1 HLA-C2 [14] © - Cosgrove et al., 2014
Receptor KIR2DL2 HLA-C1 [29] o Cosgrove et al., 2014
KIR2DL3 HLA-C1 [30] T Szereday et al., 2016
KIR2DL4 HS [31]
Oliviero et al., 2009;
KIR3DL1 HLA-Bw4 (321 ! Szereday et al., 2016
KIR3DL2 HLA-A3-All [33]
Holder et al., 2013;
CD94-NKG2A HLA-E [12] © © ind Alter et al., 2011
. MHC-I, HCMV UL18, ) Oliviero et al., 2009;
ILT2 (CD85;j) S100A9 [34-36] < Szereday et al., 2016
Yoon et al., 2016;
CD244 (2B4) CD48 (371 < < Cosgrove et al., 2014
CD161 Alter et al., 2011;
(KLRB1) LLT1 (381 ! ! Cosgrove et al., 2014

CFP, complement factor P; HA, hemagglutinin; HN, hemagglutinin neuraminidase; HS, heparan sulfate; PCNA,
proliferating cell nuclear antigen; | decreased frequency of receptor positive cells in blood, T increased frequency of
receptor positive cells in blood, <> no difference in blood.

NK cells can also kill target cells via engagement of death receptors on target cells. There are 3
different receptor/ligand systems: tumour necrosis factor-alpha (TNF-ct), which binds TNF receptor-1
or -2, Fas ligand (FasL/CD95L) binding to CD95 (APO-1/Fas receptor) [39] and tumour necrosis
factor-related apoptosis-inducing ligand (TRAIL), which engages various TRAIL receptors [40].
All three pathways may be used by NK cells, resulting in target cell apoptosis [9].

Importantly, NK cells can kill multiple targets in a serial fashion, using granule exocytosis for
initial killing events, and the death-receptor pathway for later events when perforin and granzyme
reserves are exhausted [41]. Further, target cytotoxicity can be mediated via antibody-dependent
cellular cytotoxicity (ADCC) through the FcyRIII receptor CD16 [42]. In addition, secretion of
immunomodulatory cytokines such as interferon-gamma (IFN-y), and TNF-« also act to enhance NK
cytotoxicity [43].

Nucleated cells express ligands for inhibitory receptors, such as class I major histocompatibility
complex (MHC) molecules, on the cell surface. Consequently, NK cell activation is inhibited
by interactions between MHC molecules on healthy cells and NK cell inhibitory killer cell
immunoglobulin-like receptors (KIRs) [44]. Inhibitory receptor signalling is primarily mediated
by immunoreceptor tyrosine-based inhibitory motifs (ITIM) located in the cytoplasmic tails of receptors.
Indeed, the inhibitory interactions between KIR family members and NK cell inhibitory receptors
natural killer group 2, member A (NKG2A) with class I human leukocyte antigen (HLA) molecules are
mediated by ITIMs [45,46]. This interaction recruits Src homology-containing tyrosine phosphatase
1 (SHP-1), SHP-2, and SH2 domain-containing inositol-5-phosphatase (SHIP) enzymes that act to
dephosphorylate signalling proteins Lck, Fyn, Syk, Zap70, and Vav1 to deactivate NK cells [47].

To evade antigenic recognition by the adaptive immune system, virus-infected and cancer cells
downregulate class I MHC molecule expression [48]. However, loss of this ligand for its inhibitory
receptors is the means by which the NK cell detects altered or “missing self”, thereby losing inhibitory
input which can be permissive for NK cell activation. In addition, viral infection can stimulate the
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expression of activating receptors (see Table 1), resulting in a cumulative activation signal when
recognized by NK cells. It is important to note that the activation of NK cells does not solely depend
on the lack of MHC class I molecules. For NK cells to become fully activated, stress-induced activation
receptors are vital. Most activating receptors signal via the immunoreceptor tyrosine-based activation
motif (ITAM), which becomes phosphorylated by the Src family of tyrosine kinases (Lck, Fyn, Src, Yes,
Fgr, and Lyn) upon ligand binding, resulting in the activation of tyrosine kinases Syk and ZapZ70 [7].
This activation generates a cascade of events stimulating the release of cytolytic granules containing
perforin and granzymes and/or the production of immunostimulatory cytokines and chemokines [49].

In humans, NK cells are identified based on their expression of activating Fc receptor, CD16
(FcyRIIIA), CD56 and lack of CD3. Recent studies have classified the various stages of human NK cell
development into six phases, of which the final three represent mature NK cells [49]. Phase 4 marks
the transition of immature NKs into mature NK cells expressing NKp80, NKG2D, CD335, CD337, and
CD161 [49]. Phase 5 represents circulating NK cells, and is characterised by an observable spike in
CD56 expression representing the relatively young CD56P"8" population, as well as the more mature
CD564im population that co-express CD16 and killer immunoglobulin-like receptor (KIR) (CD158).
Phase 6 represents terminal maturation gaining expression of CD57 and may include the generation of
“adaptive” or “memory-like” NK cells following antigen exposure, gaining expression of NKG2C and
KLRG1 [42,50].

Almost 10% of NK cells in the peripheral blood and roughly 100% of NK cells in secondary
lymphoid tissues have a high surface expression of CD56 (CD56"8h) and are CD16low, acting as potent
immunoregulatory cells via the secretion of cytokines such as IFN-y which contribute to the priming
of T-helper cells type 1 (Th1) [51,52]. In contrast, approximately 90% of NK cells in the peripheral
blood have a low surface expression of CD56 (CD569™). CD56%™ NK cells express moderate-to-high
levels of CD16 (CD16P"8M) and perforin, possessing high cytotoxic ability [6]. In addition to the above
classification, a third subset of NK cells, CD56-CD16+, has been characterized [53]. This subset is rare
and has been primarily observed in studies involving innate immunity against HIV infections [54], but
also correlates with response to therapy in HCV infection [55].

The compartmentalization of NK cells throughout the body is likely due to the expression pattern
of homing receptors. For example, CD56""8M NK cells display homing markers such as CCR7, CXCRS,
CCR5, and CD62L for secondary lymphoid organs, while CD56%™ NK cells express homing markers
that guide them towards inflamed or infected peripheral sites [51,56]. Peripheral organs such as the
liver generally harbour more NK cells (up to 50% of resident lymphocytes), as opposed to 5-15%
of NK cells in peripheral blood [57]. Liver-resident NK cells are Eomes" and are long-lived within
the liver, being retained by hepatic expression of CCR5 ligands CCL3 and CCL5, and CXCR6 ligand
CXCL16 [58,59]. Compared with circulating NK cells, liver-resident NK cells possess higher amounts
of cytotoxic granzymes as well as apoptotic ligands such as TRAIL and FasL, supporting their apoptotic
potential. Nonetheless, elevated hepatic IL-10 production makes the liver an immune-tolerant location,
increasing the threshold of cytotoxic activation of resident cells.

Moreover, in response to HCV infection, NK cell concentration in the liver increases [60].
The infiltration of NK cells into the liver is mediated by chemokines such as CCL2, CXCL2, CXCL9,
CXCL10, and a plethora of cytokines such as the TGF-f3, IL-12, IL-18, secreted by hepatocytes, Kupffer
cells, liver sinusoidal endothelial cells, and T cells [61,62]. As significant antiviral effectors in the liver,
both resident and liver-infiltrating NK cells are a major component of the immune response against
HCYV infection, as outlined below. Nonetheless, the vast majority of studies examine circulating NK
cells due to ease of sample collection, and therefore NK cells examined in this review will represent
blood NK cells unless otherwise stated.
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3. Interactions between NK Cells and HCV

The establishment of an in vitro HCV cell culture system employing the JFH-1 strain of virus
(isolated from a Japanese man with fulminant hepatitis) has significantly advanced our understanding
of NK cells as antiviral effectors, as well as the methods employed by HCV to circumvent the NK cell
response [63]. In vitro co-culture studies using HCV-infected human hepatoma Huh-7.5 cells suggest
that NK cell DNAM-1 is required for recognition of virus-infected cells, IFN-y secretion, and cytolytic
activity [64]. Consequently, NK cells have been shown to inhibit HCV replication in vitro directly via
IFN-y production, and via IFN-y-mediated production of type I IFNs in Huh-7 cells [43]. Conversely,
Huh-7 cells infected with the JFH-1 HCV strain have been shown to inhibit NK cell degranulation
and IFN-y production via downregulation of activating receptors NKG2D and NKp30 [65,66]. Indeed,
NS5A has been shown to reduce NKG2D expression via increased monocyte production of TGFf
and reduced IL-12 [67]. Furthermore, co-culture with virus-infected Huh-7 cells was shown to
downregulate the expression of both NKp30 and NKp46 and subsequent cytotoxic activity via the
viral NS3 protease [65,68]. In vitro results have been corroborated in vivo, demonstrating a loss of
NKG2D expression on NK cells in chronic hepatitis C (CHC) patients, as well as dampened cytotoxic
and IFN-y responses [69]. Binding of the HCV glycoprotein E2 to CD81 on NK cells has also been
shown to suppress NK cell IFN-y production [70]. In addition, HCV core protein increases the surface
expression of HLA alpha chain E (HLA-E) on infected hepatocytes, reducing NK cell cytotoxicity via
its interaction with the inhibitory receptor NKG2A [71,72].

Many of the interactions between HCV-infected hepatocytes and NK cells are regulated by
cytokines secreted by monocytes, macrophages, conventional dendritic cells (cDCs), and plasmacytoid
dendritic cells (pDCs) [60]. During HCV infection, Kupffer cells and pDCs play an essential role
in sensing HCV RNA and activating NK cells via the secretion of innate cytokines (Figure 1) [73].
Notably, the interaction between pDCs and HCV-infected cells leads to type I and III IEN secretion [74].
While type I IFNs have been shown to have direct effects on HCV replication and NK cell activation,
type I IFN mediated production of MICA/B expression on DCs was shown to be drastically reduced in
HCYV patients [75]. As a ligand for the activating receptor NKG2D, reduced MICA/B expression on
DCs stimulated a subsequent reduction in NKG2D-mediated NK cell activation [75].

Acute HCV infection also stimulates monocyte/macrophage secretion of IL-12 and IL-18, as well
as IL-15 from DC populations to stimulate NK cell activation [76]. However, inhibition of monocyte
IL-12 secretion in CHC can result in upregulation/activation of PD-1- [77] or Tim-3-based [78,79]
mechanisms, thus limiting NK cell activation. Alternatively, the viral NS5A protein has been shown to
stimulate monocyte IL-10 secretion via toll-like receptor (TLR)-4. IL-10 inhibits the secretion of IL-12
and stimulates transforming growth factor (TGF)-f3 secretion, resulting in downregulation of NKG2D
expression and inhibition of NK cell activity (Figure 1) [69]. Together, these data demonstrate that
NK cell activity is modulated both directly through specific virus-host interactions, and indirectly by
modulating the innate inflammatory and immune responses (Figure 1).
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Figure 1. Hepatitis C virus (HCV)-mediated inhibition of NK function. In response to HCV infection,
antiviral, immunomodulatory, and inflammatory cytokines such as IFN-«, IFN-A, IL-12, and IL-18
are expressed by dendritic cells (DCs), hepatocytes (H), and myeloid populations both in circulation
(monocytes, Mo) and within the liver (Kupffer cells, KC). Upon recognition of HCV-infected hepatocytes
via DNAM-1, NK cells produce IFN-y and release their cytotoxic granules to inhibit viral replication
and kill infected cells, respectively. To minimise this NK response, viral proteins NS5A and NS3 reduce
surface expression of activating receptors NKG2D, NKp30, and NKp46, whereas NKG2D ligands
MICA/B are downregulated on DC populations. Moreover, core protein upregulated hepatocyte
HLA-E that interacts with inhibitory NK receptor NKG2A and E2 interaction with CD81 inhibits
NK cell IFN-y production and cytotoxicity. Lastly, NK cell activating IL-12 and IL-18 secretion from
monocytes and macrophage populations is reduced due to NS5A-mediated IL-10 production as well
as HCV-mediated upregulation of PD-1 and Tim-3. Green line, upregulated expression; red line,
downregulated expression.

4. The Role of NK Cells in Acute Hepatitis C Infection

Early interaction between NK cell KIRs and host HLAs has been shown to have a significant
impact on HCV clearance. KIRs vary in copy number and haplotype between individuals, and KIRs
and their HLA cognate ligands reside on different chromosomes, such that certain KIR-HLA haplotype
combinations exist in only a subset of the population. Combined inheritance of KIR2DL3 and HLA-C1
is associated with increased likelihood of viral clearance [80,81], possibly due to a lower avidity,
reduced inhibitory NK signalling, and subsequently, more rapid NK cell activation [82]. In addition,
the combination of KIR2DL3 and KIR2DS3 with HLA-C2 is associated with the development of chronic
infection, the mechanism, however, remains unknown [83,84]. Lastly, individuals carrying the HLA-ER
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allele (arginine) are more likely to clear HCV infection, possibly due to a lower affinity towards
CD94-NKG2A than the HLA-E? allele (glycine substitution) [72,84,85].

Acute HCV infection results in a reduction in circulating CD56%™ NK cells and expansion of
CD56Pright NK cells [86]. It remains unknown whether this represents differential distribution (i.e.,
trafficking) of the subsets, or a systemically altered phenotype. The frequency of NK cells expressing
activation receptors NKp46 and NKp30 is significantly decreased in acute infection compared with
healthy controls [87] (Figure 2). Spontaneous clearance also appears to be associated with a decreased
frequency of NKp46 and NKp30, as well as NKG2D and CD161 in acute HCV infection [87]. Moreover,
an increased frequency of NKG2A and NKG2D NK cells in addition to decreased NKG2C and CD158e
frequency in HCV-HIV co-infection is associated with HCV clearance [88]. Together, these data
strongly suggest that multiple activating receptors likely contribute to viral clearance via migration into
the liver, hence their relative reduction in the blood. This is unlikely to be confirmed unfortunately, as
intrahepatic NK cells in acute HCV infection must be collected, and biopsy at this time point is unlikely.

Inhibitory  Activating

A

KIR2DL1-3 : KIR2DS1-5

KIR3DL1-2 KIR3DS1
NKG2A NKG2C
NKG2D
ILT2
NKp30
CD244 —_—
CD161 NKp46
: DNAM-1
& Acute HCV Chronic HCV @
KIR2DL1-3 : KIR2DS1-5 KIR2DL3 : KIR2DS1-5
KIR3DL1-2 ;\:‘J*:\,L /( KIR3DS1 KIR3DL1 KIR3DS1
NKG2A 5 S % NKG2C NKG2A NKG2C
ILT2 3?: S e’ ILT2 T
: . NKp30 NKp30
CD244 v'i ) -/\_i G CD244 S5l
CD161 \‘\'*T-//\{/ NKp46 CD161 NKp46
: DNAM-1 : DNAM-1

Figure 2. Modulation of NK cell inhibitory and activating receptor distribution following HCV infection.
(A) NK cell inhibitory and activating receptor expression. Genetic (killer immunoglobulin-like receptors,
KIRs) and environmental determinants drive expression of NK receptors, resulting in significant
diversity within the circulating NK cell populations. (B) Modulation of NK cell receptor distribution
following acute and chronic HCV infection. Red text denotes a reduction in circulating NK cells
expressing a given receptor, and green text denotes an increase in these. Unfortunately, due to a lack of
evidence, it is not known whether these changes are due to NK infiltration into the liver (and hence
reduction in the blood), infection-mediated alterations in receptor expression, or both.

5. The Role of NK Cells in Chronic Hepatitis C (CHC) Infection

Once CHC is established, a significant alteration in NK cell phenotype, distribution, and
composition is observed. Similar to acute infection, the frequency of circulating CD564™ CD16+ and
CD56Prisht NK cells becomes decreased and increased, respectively [87,89]. Moreover, the proportion
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of CD56-CD16+ NK cells with defective function becomes elevated [87,90]. In contrast to acute
HCV infection, NK cells remain continuously activated in CHC, however this activation does not
consistently increase all NK cell functionalities [91]. Cytotoxicity becomes enhanced in CHC, but
the capacity to produce IFN-y and TNF« is impaired [90,92]. This phenotypic change is likely the
result of chronic endogenous IFN-o exposure, resulting in the preferential phosphorylation of STAT1
over STAT4 [93-95]. This change in STAT phosphorylation results in an increase in STAT1-mediated
cytotoxicity and impaired IFN-y production, which is mediated via STAT4 activation. In line with these
data, there is a reduction in perforin+ CD564™ NK cells in CHC, supporting excessive degranulation
during chronic infection [90]. Chronic liver damage in CHC has been associated with the NKp46hish
subset of NK cells that accumulate in the liver in CHC and correlate with inflammation [96]. Nonetheless,
this population has also been shown to mediate stellate cell apoptosis and is inversely associated with
fibrosis stage, suggesting that NKp46M8h NK cells may possess antifibrotic activities as well [97].

NK cell activation and inhibitory receptor expression also becomes significantly altered in CHC
patients. The frequency of NK cells expressing inhibitory receptor CD94/NKG2A and activating
receptor NKG2C increases in CHC [98,99], whereas the frequency of natural cytotoxicity receptor
(NCR) NKp30 and NKp46 as well as DNAM-1-expressing NK cells is reduced [87,100]. NKG2C+
cell expansion has been linked to co-infection with human cytomegalovirus (HCMV) and chronic
hepatitis B virus (HBV) or HCV, suggesting that it may not be an HCV-specific mechanism [101].
In addition, NKG2A has recently been shown to stimulate NK cell exhaustion via its interaction with
HCV-upregulated Qa-1 in mice [102]. Treatment with anti-NKG2A or anti-Qa-1 monoclonal antibodies
was shown to enhance NK cell-dependent HCV clearance via increased cytotoxicity and secretion
of IFN-vy, resulting in stimulation of the T cell response [102]. NKG2D+ NK cells also reduce in
frequency and return to normal upon successful treatment [87,90]. While genetic studies dominate
the examination of KIR biology, surface expression of inhibitory receptor KIR2DL3-expressing NK
cells has been shown to increase in CHC, and KIR3DL1-expressing cells decrease [99]. Moreover,
KIR2DL1, 2DL2, and 2DS1 show no change in frequency in CHC [103]. KIR3DS1 surface expression
has not been examined with respect to HCV infection, however, carriers of KIR3DS1 are more likely to
achieve sustained virologic response (SVR; defined here as undetectable serum HCV RNA at 24 weeks
after completion of antiviral therapy) [104] and are less likely to develop HCC [105]. Recently, the
KIR3DS1-HLA-F interaction was shown to significantly reduce viral replication in vitro, supporting
its antiviral function [106].

Understanding the NK phenotype during HCV infection has been overshadowed by the impressive
clearance rates following the implementation of direct-acting antiviral (DAA) treatments for chronic
infection. Nonetheless, it is vital to understand changes in NK function in response to chronic viral
infections. This will allow therapeutic interventions aimed at strengthening the NK response to current
problem pathogens, including HBV. For example, a mature NK phenotype expressing CD57, KIRs and
reduced NKG2A has been associated with spontaneous HCV clearance [107]. Interestingly, blocking
NKG2A expression in murine hepatic NK cells enables a stronger antiviral CD8+ T cell response by
improving NK cell IFN-y production and DC antigen presentation [108]. Harnessing the antiviral
nature of terminally differentiated NK cells may facilitate clearance of chronic viral infections as part
of the classical innate immune response as well as in a pathogen-specific manner. Pathogen-specific
NK responses have recently been shown in a number of animal models [109], warranting further
examination of the mechanisms by which NK memory is generated, and the receptors responsible for
pathogen interactions.

6. NK Cell Memory in HCV

For some time, immune memory has been considered a unique feature of B and T lymphocytes,
enabling them to provide long-term protection against previously encountered pathogens. Classically,
NK cells have been excluded from the adaptive immune response due to their inability to generate
antigen-specific receptors following somatic rearrangement. Their collection of activating and inhibitory
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receptors has long been considered a significant driver of the innate immune response; however recent
studies have demonstrated their potential for driving immunological memory. Specifically, mouse,
primate, and human studies have demonstrated an antigen-specific and long-lived recall response
against such viral antigens as human cytomegalovirus (HCMYV), simian immunodeficiency virus (SIV),
and Hantavirus [110-112]. These responses are mediated primarily by an NK population expressing
KLRG1, utilizing specific NK cell receptors such as NKG2C and NKG2A that are indispensable for
memory responses against CMV and SIV, respectively [111-113].

A number of studies have identified the liver as a key reservoir for memory NK cells [114,115], and
yet they have been overlooked in the context of hepatic viral infections. While there are no published
studies examining the memory response to HBV or HCV, our group has identified an expanded
population of KLRG1+ NK cells in chronic HBV (CHB) patients that possess antifibrotic activity [42].
We have since further characterized this population and have identified a memory population of
NK cells in CHB patients that degranulate in response to HBV antigen [116]. Importantly, strength
of degranulation was inversely associated with viral titre, suggesting that memory NK cells in this
context possess an antiviral role. We have also identified a population of KLRG1+ NK cells that
develop in response to chronic HCV infection (manuscript under review): in response to HCV antigens
(JFH1 infected Huh-7 cells) these memory NK cells undergo proliferation as well as degranulation
that is absent in healthy controls. Together, these data indicate that HCV infection can stimulate NK
cell memory, however their pathogenic relevance and therapeutic potential are unclear. A better
understanding of the mechanisms by which NK cell memory is developed will help guide vaccine
development to stimulate a potent HCV adaptive immune response.

7. The Effect of Anti-HCV Therapy on NK Cell Phenotype and Activity

Treatment of HCV infection aims to achieve viral clearance through sustained virologic response
(SVR), i.e., reducing circulating HCV RNA to an undetectable level at least three months following the
cessation of therapy. Traditionally, CHC infection has been treated with pegylated IFN-oc (PEG-IFN-«)
in combination with ribavirin, a nucleoside analogue, with an SVR rate of 50-60% [117]. Apart from
the relatively poor response rate, IFN-ribavirin treatment was associated with a number of adverse
effects, including anemia, flu-like symptoms, and depression. In 2011, the first two DAAs against
the HCV protease, boceprevir and telaprevir, were approved [118,119], demonstrating a significantly
favourable increase in SVR when compared with pegylated IFN-/ribavirin-based therapy alone in
individuals infected with HCV genotype 1. Current DAA-based therapies are IFN-free, pan-genotypic,
and highly tolerable regimens, resulting in SVR in >95% of cases [120,121]. Nonetheless, IFN-based
regimens have taught us much on the role of NKs in the antiviral immune response to HCV and will
be examined below.

7.1. Effect of Pegylated IFN-a/Ribavirin-Based Therapy on NK Cells

IFN-« is a potent activator of antiviral immunity, of which NK cells are a critical component.
Consequently, the expression of activating and inhibitory receptors, as well as the KIR and HLA
haplotypes are significant contributing factors to treatment response. Surprisingly, increased baseline
presence of activating receptor NKp30-, NKp46-, and NKG2D+ NK cells and decreased NKG2A
is associated with non-response to IFN-based therapy [96,100,122,123]. This is in line with the
IFN-refractory state of nonresponders, who demonstrate a pre-activated IFN response signature in the
liver, and minimal response to exogenous IFN-« treatment [124]. In support of these findings, higher
baseline expression of the IFN-o receptor, IFNAR], is associated with improved response to treatment,
in an IFNL3 genotype-dependant manner [125]. Importantly, while nonresponders do not upregulate
NKp30 or NKp46 in response to IFN treatment, responders demonstrate an increase in NKp30 or
NKp46 following 12 weeks of treatment [96]. Contrarily, the frequency of KIR2DL3+ NK cells is
elevated in patients with early virological response, and significantly decreases only in SVR patients,
not their nonresponsive counterparts [123]. This is supported by genetic studies demonstrating an
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association between KIR2DL3 with SVR and KIR2DL2 with non-response [126]. In addition to KIR
variants, the HLA-C C2C2 genotype and IFNL3 rs8099917 G allele demonstrated additive predictive
value with regard to SVR in genotype 1 patients [127].

Lastly, responder NK cells also demonstrate an increased pretreatment expression of perforin
compared with nonresponders that remains elevated for the first 12 weeks of treatment [128].
Rapid virological response was also found to be associated with an increase in CD69-expressing
cells throughout the first 12 weeks of treatment [128].

The NK response to IFN treatment has also been examined early in treatment, demonstrating a fast
and potent upregulation of activating receptor NKG2D as well as the NK activation marker CD69 within
24 h of IFN treatment initiation [40]. This correlates with an increase in NK degranulation and TRAIL
expression at 24 h, driving the increase in blood alanine transaminase (ALT; a surrogate measure of liver
inflammation or injury) that is likely the result of killing of infected hepatocytes. Increased NK TRAIL
expression, and to a lesser degree, degranulation, was associated with phosphorylated STAT1 after 6 h
post-IEN treatment initiation [95]. Conversely, an inverse association was noted for IFN-y-producing
cells, suggesting that IFN-a-induced STAT1 phosphorylation polarises NK cells towards a cytotoxic
phenotype as compared with IFN-y production. These data support the IFN-refractory phenotype of
nonresponders, demonstrating that an increase in STAT1 phosphorylation in NK cells was associated
with a decrease in viral titre [95].

In summary, these data suggest that NK cells play a key role in IFN-based antiviral treatments,
particularly at the early stages. Activation and inhibitory receptor expression play a key role in NK cell
activity, and their modulation by IFN-« is vital to stimulate NK cell antiviral activity.

7.2. Effect of Direct-Acting Antivirals-Based Therapy on NK Cells

The first data showing that NK cell function can be modulated by non-interferon-based antivirals
was reported by Werner et al. in 2014, prior to the clinical use of direct-acting antivirals (DAAs) [129].
Ribavirin monotherapy improved NK cell STAT4 phosphorylation in vitro and in vivo and hence
normalized NK cell IFN-y secretion, suggesting that the previously reported HCV-related polarized
NK cell phenotype is reversible [90,91].

The advent of DA As for HCV has revolutionised the treatment of chronic of infection. IFN-free,
DAA-based treatments show eradication rates of >95% regardless of viral genotype, replacing SVR
rates of 50% common among IFN-based therapies [130]. Unfortunately, while SVR rates are high with
DAAs, DAAs do not appear to induce neutralizing immunity and thus protection from re-infection.
Nevertheless, important immune effects have been reported with IFN-free, DA A-based therapy: Martin
etal. reported in 2014 that HCV eradication in the absence of IFN therapy results in enhanced frequency
of HCV-specific cytotoxic CD8+ T cells in parallel with rapidly declining HCV RNA levels [131].
Subsequent to this, Serti et al. reported a rapid decrease in HCV viral load and level of inflammatory
cytokines by week 8 in patients with SVR on asunaprevir + daclatasvir treatment [132]. This was
accompanied by a reduction in activation levels of intrahepatic and blood NK cells and subsequent
normalization of NK cell phenotype and function. Spaan et al. described in patients receiving the same
DAA regimen a similar reduction in NK cell expression of activating NK cell receptors NKp30 and
NKp46 as well the inhibiting receptor NKG2A [133]. In addition, they found a decrease in NK cell
TRAIL expression, suggesting that the polarized, activated NK cell phenotype was rapidly normalizing
with reduction in viral loads and related reduction in NK cell-activating cytokines such as IL-12 and
IL-18 [133].

This was further evaluated by Golden-Mason et al., who observed a significant reduction of NK
cell activation as measured by CD69 and a reduction of the less mature CD56°"8" NK cell subset
within 2 weeks of ledipasvir/sofosbuvir treatment, resulting in a sustained normalization of the NK
cell phenotype [134]. Alao et al. complemented these results mechanistically by examining blood and
liver specimen of patients at baseline and day 1 of treatment with asunaprevir + daclatasvir [135]:
Patients with subsequent SVR as compared with treatment failure had higher hepatic baseline
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interferon-stimulated gene (ISG) expression and higher frequency of activated TRAIL-expressing and
actively degranulating NK cell cells in blood at baseline and day 1 of treatment.

While a number of studies have described a dampening or normalization of NK cell phenotype
and function in response to DAA therapy, there is still some question to what degree HCV introduces a
long-lasting change in NK cell diversity. Strunz et al. employed high-dimensional flow cytometry
combined with stochastic neighbour embedding analysis to show that HCV infection imprints on NK
cells, a phenomenon that appears to persist after HCV eradication [136]. In another study, HCV-related
microRNAs were found to be enriched in exosomes of patents with HCV infection and decreased
markedly with DAA-based therapy. These microRNAs had immunomodulatory impact on NK cell
function and, to some degree, on treatment and post-treatment changes in NK cell phenotype and
function [137].

Finally, there has been significant concern about a possible negative impact of DA A-based therapy
on HCC occurrence and recurrence. Notably, current expert opinion states that there is no conclusive
evidence to support earlier concerns that DA A-based therapy influences risk, time to, or aggressiveness
of HCC recurrence in patients that had successful HCC therapy. Chu et al. reported that higher
pre-treatment levels of NKG2D on NK cells and rapid decline on treatment were one of several risk
factors for early HCC after DAA-based therapy [138]. Importantly, other risk factors were higher
fibrotic scores, previous HCC, and treatment failure, which are all well-recognized risk factors for
HCC [138].

8. Conclusions

The innate immune system is an important player in antiviral immunity to HCV infection.
Especially in the face of exhaustion/loss of potency of the T and B cell responses, NK cells are critical in
protective immunity against HCV infection via modulation of their activating and inhibiting receptors.
In chronic infection, HCV significantly influences the NK cell compartment, receptor repertoire, and
effector functions. Consequently, alterations in the NK cell repertoire are noted in acute HCV infection
and contribute to the progression of CHC. This inflammatory progression is related to a polarized NK
cell phenotype with enhanced cytotoxicity but loss of effective IFN-y secretion. This renders the NK
cell inefficient at clearing virus but results in persistent liver damage and inflammation. Understanding
the cellular and chemical mediators of this change, and the resulting effects on NK cells, will benefit
the development of future vaccines as well as curative and preventative treatments for HCV. This will
certainly include a better understanding on NK cell memory in HCV infection, which has the potential
to revolutionize vaccine development in the near future.
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