iImmuno

Review

Role of KIR Receptor in NK Regulation during Viral Infections

Sabrina Rizzo T

and Daria Bortolotti *

check for

updates
Citation: Rizzo, S.; Schiuma, G.;
Beltrami, S.; Gentili, V.; Rizzo, R.;
Bortolotti, D. Role of KIR Receptor in
NK Regulation during Viral
Infections. Immuno 2021, 1, 305-331.
https://doi.org/10.3390/immuno
1030021

Academic Editor:

Alessandra Fierabracci

Received: 30 July 2021
Accepted: 2 September 2021
Published: 6 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Giovanna Schiuma

t

, Silvia Beltrami '/, Valentina Gentili ©/, Roberta Rizzo *

Department of Chemical, Pharmaceutical and Agricultural Sciences, University of Ferrara, 44121 Ferrara, Italy;
sabrina.rizzo@unife.it (S.R.); giovanna.schiuma@unife.it (G.S.); silvia.beltrami@unife.it (S.B.);
valentina.gentili@unife.it (V.G.)

* Correspondence: rbr@unife.it (R.R.); brtdra@unife.it (D.B.)

1 These authors contributed equally to this work.

Abstract: Natural Killer (NK) cells are key effectors of the innate immune system which represent
the first line of defense against viral infections. NK cell activation depends on the engagement of a
complex receptor repertoire expressed on their surface, consisting of both activating and inhibitory
receptors. Among the known NK cell receptors, the family of killer Ig-like receptors (KIRs) consists in
activating/inhibitory receptors that interact with specific human leukocyte antigen (HLA) molecules
expressed on target cells. In particular, the expression of peculiar KIRs have been reported to
be associated to viral infection susceptibility. Interestingly, a significant association between the
development and onset of different human pathologies, such as tumors, neurodegeneration and
infertility, and a clonal KIRs expression on NK cells has been described in presence of viral infections,
supporting the crucial role of KIRs in defining the effect of viral infections in different tissues and
organs. This review aims to report the state of art about the role of KIRs receptors in NK cell activation
and viral infection control.
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1. Introduction

Natural Killer (NK) cells are large granular lymphocytes belonging to the innate
immune system present at both systemic level, where they constitute nearly 10-15% of
the circulating lymphocytes [1], and in association to tissues [2,3]. Peripheral or tissue-
associated NK cells display different behaviors: circulating NK cells are characterized by a
cytotoxic profile, while tissue NK cells are typically secretory cells [4]. In particular, this
latter type of NK cells has been reported in secondary lymphoid organs [5], inflammatory
sites [6], and also in endometrium [7], where they are the predominant lymphocyte pop-
ulation playing important roles in reproduction [8,9], particularly during implantation
and decidualization.

In general, NK cells are described as large lymphocytes that lack the expression of
canonical T cell receptors (i.e., CD3 negative), thus human NK cells have been classically
defined as CD3~CD56%. Besides these classical NK cells, later evidence has identified
another set of NK cells, called NKT cells, that have been found within T cell populations
and express both TCR molecules and NK cell markers [10]. Nevertheless, NKT cells show
a restricted TCR repertoire and constitute a small percentage of cells found in thymus and
spleen, but they are significantly present in the liver [10]. An additional NK cell population,
showing both T cell and NK cell phenotypes, has been identified as Cytokine-induced
killer (CIK) cells. These cells express either the T cell marker CD3 or NK-cell marker
CD56 and exert a peculiar strong cytotoxic activity [11]. CIK cells are expandable from
peripheral blood mononuclear cells and differentiate in presence of specific cytokines, like
IL-15 and IL-2 [11,12].

However, classical NK cells are generally further subdivided into CD56 8t and
CD56%™ NK cells. The substantial difference between the two groups is that CD56P"18M NK
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cells are much more abundant in tissues and lack the expression of CD16 (Fcy-receptor) and
typically exert a secretory function, while CD564™ NK cells are predominant in peripheral
blood, express CD16, and are characterized by a peculiar cytotoxic activity [13]. The
presence of CD16 allows circulating NK cells to recognize the constant fraction (Fc) of
antibodies and to engage cell lysis [14].

In addition to CD56Pri8ht and CD569M classification, a subset of CD56~CD16+ NK
cells appear to be expanded in the presence of chronic viral infections, for example, HIV-1
(human immunodeficiency virus-1), and they seem to represent an exhausted/anergic
subset of NK cells [15,16].

NK cells have also been classified into NK1 and NK2 subsets, based on their cytokine
release [17] and on their chemokine receptors expression [18]. NK1 and NK2 produce both
T helper type 1 (Th1) and Th2 cytokines, through which they can exert beneficial, as well as
deleterious, effects in a variety of inflammatory diseases, playing an immunomodulatory
role in cellular response [19]. Later studies have further investigated another NK1 subset,
that secretes Th17-related cytokines, such as IL-17, called NKTh17 [19]. This novel subset
of human NK cells is phenotypically characterized by the presence of CD56, CCR4, and
IL-23 receptors and by the ability to produce IL-17 [20]. In particular, Rizzo et al. have
observed that, during Herpes simplex virus (HSV)-1 infection, NKTh17 KIR2DL2+ cells
produced high levels of Th17 cytokines, mainly IL-17A [21]. The production of IL-17
by NKTh17 might induce the upregulation of anti-apoptotic molecules, consequently
increasing persistent infection by blocking cytotoxic T cells action [22].

NK cells represent the first line of defense against viral infections and their relevance
is confirmed by the several mechanisms used by viruses to evade NK cell-mediated
immune responses [23], that is characterized also by a memory-like status [14]. Even if
immunological memory is a characteristic hallmark of the adaptive immune system, NK
cells have been shown to mediate Ag-specific recall responses too. NK cell memory is the
consequence of a clonal-like expansion during viral infection that generates a long-lived
progeny (i.e., memory cells) that triggers a more efficacious secondary response against
previously encountered pathogens [24].

The contribution of NK cells to the antiviral immune response has been extensively
studied in mouse models of viral infections, demonstrating that these types of cells not
only control viral replication by killing infected cells during the earliest stages of infection,
prior to the development of adaptive immunity, but play a crucial immunoregulatory role
during the development of adaptive immune response as well [25,26]. The ability of NK
cells to modulate adaptive immunity is mediated by the secretion of cytokines, such as
interferons and interleukins, able to stimulate adaptive immunity cells, as T- and B-cells,
triggering their activation.

Several works found that an impairment in NK cell activity, for example due to NK cell
deficiencies in humans [27,28], could enhance viral infections, including multiple infections
by herpesviruses. The authors first reported a case of a young girl who lacked functional
NK cells and experienced a series of viral infections during childhood and adolescence,
including infections by multiple herpesviruses, highlighting the importance of NK cells
contribution to the antiviral immune response [27].

In particular, during viral infections, both cytotoxic and secretory NK cells activation
can be stimulated by specific cytokines upregulated during viral replication (Figure 1). For
example, type-I interferons (IFN-«/3), secreted by infected cells, induce NK cells cytotoxi-
city [10]; the expression of IL-12 (interleukin-12) stimulates NK cells IFN-y (interferon- )
secretion [29]. This latter can activate multiple important pathways associated with direct
antiviral functions and/or immunoregulatory effects on downstream immune response.
Meanwhile, NK cells can also produce TNF-« (tumor necrosis factor-o) that mediates
antiviral and immunoregulatory effects [10,30].



Immuno 2021, 1

307

Virus

Granzyme B
[~ o

L ] °
. .:. ° Infected cell

CDS6"™ ° o0’
CD16 Antibody

L .\,'9 N ~ x
(- . cytotoxicity %
| & / ———
(/\\\’QN) N Ny f )
T \ — Fas ¢
FasL

\ | T-cell
Infected cell /(\‘ LN IFN-y
nfected ce /479,/( - \ TNy

€/< \]e l ° : —’
79 o 4 activation
N 4 Y

o A Hu I

00560'0!\: -f Q‘- ,

A Y

B-cell

Figure 1. NK cell activation during infection. Virus can induce the production of IFN-«/-f (interferon-a/-f3) and IL
(interleukin)-2, IL-12, IL-15, and IL-18 by infected cells, which respectively stimulate NK cells cytotoxicity and adaptive
immunity activation. CD56%™ NK cells have a cytotoxic function that can be mediated by Granzyme-B production,
Fas/FasL (Fas ligand) interaction and CD16 binding with the Fc (constant fraction) of antibodies. Adaptive immunity
modulation is mediated by CD56Prisht NK cells through the secretion of IFN-y (interferon-y)/TNF-« (tumor necrosis
factor-o), that affect T- and B-cells.

Besides the aforementioned IFNs and IL-12, also IL-2, IL-15, and IL-18 participate
in NK cells early activation. During inflammation or viral infection, secreted IL-2, IL-12,
and IL-18 drive NK cell activation inducing target cell killing and the release of cytotoxic
cytokines [31-33]. IL-2 and IL-15 are mainly involved in NK cell “priming”. Both IL-2 and
the “IL-2-like” IL-15 achieve their functions by binding the heterotrimeric receptor com-
posed of CD132, CD122, and IL-2R« (CD25) for IL-2 [34] or IL-15R« for IL-15 binding [35].
Interestingly, IL-15 can activate NK cells with relatively lower concentrations compared
to IL-2, thanks to its higher affinity for IL-15Rx [35]. Moreover, it was found that prior
exposure to IL-15 sensitizes NK cells to secondary stimuli, thereby resulting in exaggerated
responses [36,37]. In fact, IL-15-primed NK cells produce elevated levels of IL-12-induced
IFN-v [38]. Consequently, IL-15 promotes NK cells to be fully equipped to counteract
viral infections through the rapid induction of granzymes and perforin [39]. IL-12 and
IL-18 stimulate cytokine-induced memory-like NK cells [40], effective in response to viral
infection reactivation.

After the initial activation triggered by cytokines, NK cell later activation involves
specific receptors engagements and leads to their cytotoxic effect.

NK cells cytotoxicity during viral infections is mediated by different mechanisms,
depending on the NK cell phenotype. Phenotypically immature CD161*/CD56~ NK
cells mediate TRAIL (TNF-related apoptosis-inducing ligand)-dependent but not FasL- or
granule release-dependent cytotoxicity, whereas mature CD56" NK cells mediate the latter
two [41], as exocytosis of cytoplasmatic granules containing perforin and Granzyme-B,
Fas ligand-mediated induction of apoptosis and antibody-dependent cellular cytotoxicity
(ADCC) through CD16 binding with the Fc of antibodies (Figure 1) [23].
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NK cells effector functions are regulated by the combination of activating and in-
hibitory signals triggered by specific receptor/ligand interactions [14] that determine
infected cells killing and regulation of antigen presenting cells (APC) and T cells responses
through soluble factors secretion (such as IFN-y and TNF-«), as represented in Figure 2 [14].
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Figure 2. NK cells effector functions regulation by activating and inhibitory signals combination. Depending on the
prevalence of inhibitory or activating environmental signals, NK cells can be respectively inhibited or stimulated to lyse
target cells (tumor or infected) or to produce cytokine.

Both innate and adaptive immune system exert their function engaging specific re-
ceptors which are genetically determined. Unlike adaptive lymphocytes, wherein receptor
diversity is generated by DNA rearrangements, NK cells express an array of germ-line
encoded receptors capable of triggering their activation [42-45]. Despite this difference, NK
cells display some features of adaptive immunity, placing these cells in the middle of the
two types of immune system [46]. This peculiarity is due to NK cell cytotoxic/cytolytic ac-
tivity towards tumor or infected cells typically via perforin or Granzyme-B secretion [23,47],
that resembles CD8+ T lymphocytes killing, regulated by specific receptor engagement [11].

In this review we are going to analyze the important role of these receptors in NK cells
regulation during viral infections, with particular attention to Killer immunoglobulin-like
receptors (KIRs).

2. NK Receptors

The mechanisms by which NK cells recognize virally infected target cells are complex
and still not entirely understood. Unlike B and T cells, NK cells do not express unique
clonally distributed receptors for specific antigens, but they express on their surface an
arsenal of different stimulatory and inhibitory receptors, whose engagement enables NK
cells activity [43].

Membrane receptors invoked during NK cells regulation can be classified into five
major families of molecules: natural cytotoxicity receptors (NCRs), C-type lectin, killer
immunoglobulin-like receptors (KIR), leukocyte immunoglobulin-like receptors (LILR),
and CD2.
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The main molecular families, ligands, and regulatory functions of NK cell activat-
ing/inhibitory receptors are described below in Table 1.

Table 1. Principal NK cell receptors (activating and inhibitory) and ligands.

Receptor Family Receptor Known Ligand Function
NKp46 Vlra%)fI;EII\A/[,PIiS PG, Activating
NCR
BAT-3, HCMV pp65, ..
NKp30 B7-Hs, Activating
HSPG, PfEMP-1, Viral L.
NKp44 HA, HSPG Activating
CD9%4/NKG2A HLA-E Inhibitory
CD94/NKG2C HLA-E Activating
C-type lectin CD94/NKG2E HLA-E Activating
NKG2D MICA /B, ULBPs Activating
NKR-P1A LLT1 Inhibitory
KIR2DL1 HLA-C2 (Lys 80) Inhibitory
KIR2DL2/3 HLA-C1 (Asn 80) Inhibitory
KIR2DL4 HLA-G Activating
KIR2DL5 Unknown Inhibitory
KIR2DS1 HLA-C2 (Lys 80) Activating
KIR KIR2DS2 HLA-C1 (Asn 80) Activating
KIR2DS3 Unknown Activating
KIR2DS4 HLA-Cw4 Activating
KIR2DS5 Unknown Activating
KIR3DL1 HLA-Bw4 Inhibitory
KIR3DS1 HLA-Bw4 (possible) Activating
KIR3DL2 HLA-A3/A11 Inhibitory
LILR LILRB1/ILT2/LIR-1 HLA class I, UL18 Inhibitory
2B4 CD48 Activating/Inhibitory
CD2 CD58 Activating
CD2 NTB-A NTB-A Activating
CRACC CRACC Activating
DNAM-1 PVR, CD122 Activating
NKG2D
CEACAM CEACAM1 receptor-ligand Inhibitory
system
CD9% CD155 Inhibitory
TIGIT

CD112, CD113, o
TIGIT CD155 Inhibitory

. Ceacam-1, PtdSer, .
TIM Tim-3 Galectin-9 Inhibitory

HLA class II, IL-2R, .
DC-SIGN Lag-3 IL-15R Inhibitory
Type I cytokine IL-2Rx 1L-2 Activating
receptor IL-15R«& IL-15 Activating

Abbreviations: NCR (natural cytotoxicity receptors); KIR (killer immunoglobulin-like receptors); LILR (leukocyte
immunoglobulin-like receptors); CEACAM (carcinoembryonic antigen-related cell adhesion molecules); TIGIT
(T cell immunoreceptor with Ig and ITIM domains); TIM (T cell/transmembrane, immunoglobulin, and mucin);
DC-SIGN (dendritic cell-specific ICAM-3-grabbing non-integrin); HLA (human leukocyte antigen); BAT-3 (HLA-
B-associated transcript 3); HA for hemagglutinin; HSPG for heparan sulfate proteoglycan; PAEMP-1 for Duffy-
binding-like (DBL)-1x of Plasmodium falciparum erythrocyte membrane protein-1; ULBP for UL16-binding
protein; PtdSer for phosphatidyl serine.
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Most human NK cells constitutively express the activating receptors NKp46 and
NKp30, which belong to NCRs family. NCRs include NKp44 receptor as well, which is only
detected on cell surface upon IL-2 mediated NK cell activation [48]. The precise ligands
for these receptors remain largely undefined, even if several viral- or tumor-associated
molecules that can interact with NCRs have been identified [49]. Interestingly, NKp46
and NKp44 can interact with influenza hemagglutinin (HA) and mediate NK cytolysis of
infected cells expressing viral glycoproteins [50,51].

CD94-NKG2A /C/E heterodimers are highly conserved NK receptors which belong to
the family of C-type lectins, involved in both activating and inhibitory signals. Inhibitory
CD94-NKG2A and activating CD94-NKG2C/E heterodimers bind the non-classical HLA
(Human Leukocyte Antigen) E molecule loaded with peptides derived from other HLA
class I molecules, thereby monitoring the overall expression level of HLA class I antigens.
Concerning NKG2D receptor, it recognizes ligands typically expressed by stressed, malig-
nant, or infected cells, as for example cytomegalovirus (CMV) glycoprotein UL16-binding
proteins (ULBPs) and the HLA class I chain-related molecules MIC (MHC class I chain-
related protein) A and B. Nevertheless, viruses have evolved multiple mechanisms to
evade recognition by NKG2D+ positive NK cells [23], including Epstein Barr virus (EBV),
adenovirus, and HIV [52]. Interestingly, Carcinoembryonic antigen-related cell adhesion
molecule 1 (CEACAM1) was found expressed on activated NK cells where it acts as an
inhibitory receptor for NKG2D-mediated cytolysis.

NK cells are characterized by a plethora of activating/inhibitory receptors such as
CD96 and TIGIT (T cell immunoreceptor with Ig and ITIM domains), that interact with
CD155, CD112, and CD113; Tim-3 (T cell immunoglobulin-3), an NK cell coreceptor; Lag-3
(lymphocyte activation gene 3 protein), a negative co-inhibitory receptor that binds HLA-II
molecules [53]; cytokine receptors such as IL-2R and IL-15R, as previously reported.

However, among all the reported receptors involved in NK cell regulation, the family
of killer Ig-like receptors (KIRs) is one of the most studied, consisting in both activating
and inhibitory receptors that bind to specific HLA-I molecules and act as key regulators of
human NK cell function [54].

3. Killer Inmunoglobulin-like Receptors (KIRs)

Killer immunoglobulin-like receptors (KIRs) are a family of transmembrane glyco-
proteins encoded by 15 highly polymorphic genes, whose members are characterized by
distinct structural domains that determine distinct functions by providing different docking
sites for ligands or signaling proteins [54]. The KIRs nomenclature was designed to reflect
the structure and the function of the molecules, as well as the nucleotide sequence similarity
among the different KIR family members. Thus, the first two digits following the acronym
“KIR” correspond to the number of the extracellular domains (2D and 3D), while the third
digit provides information on the length of the cytoplasmic tail (L or S) and consequently
reveals details about protein function (inhibitory or activating, respectively) [55]. The
only exception to this short/long-tailed rule is KIR2DL4, which is a unique long-tailed
activating KIR (Figure 3).

The two-(2D) and three-(3D) immunoglobulin domain KIR isoforms with a long
cytoplasmic tail are characterized by two sequences called immunoreceptor tyrosine-based
inhibitory motifs (ITIMs), separated by 26-28 aminoacids (Figure 3) [56,57]. Molecular
analysis of several membrane receptors with inhibitory function revealed the presence of a
common ITIM motif (I/VxYxxL/V), which recruits the SHP-1 tyrosine phosphatase and
arrests positive signals transduced via other receptors [58].

In contrast, KIRs with short cytoplasmic domains and with activating function asso-
ciate with a transmembrane signalling adaptor protein which is called DAP12 (also called
KARAP) [54]. DAP12-dependent activation occurs through the recruitment of Syk/ZAP-70
tyrosine kinases by immunoreceptor tyrosine-based activation motifs [ITAM; Yxx(L/I/V)x-
Yxx(L/1/V)] (Figure 3) [54]. An exception to these two classification is represented by
KIR2DL4, which compared with other long cytoplasmic tail KIR family members, behaves
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like an activating receptor, inducing cytokines production [59] due to the association with
ITAM-containing FceRI-y adaptor instead of DAP12 (Figure 3) [60].

ITIM

Inhibitory Activating
KIR3DL KIR3DS
DO
KIR2DL KIR2DL4 KIR2DS 2t
D1 D1 DO D1 D1
D2 D2 D2 D2 D2
SS 53 SS
. . ii i i ITAM
FceRl-y DAP12

Figure 3. Representation of inhibitory and activating KIRs structure. Receptors with long cytoplasmic domains contain one

or two immunoreceptor tyrosine-based inhibitory motif sequences (ITIMs), represented in blue, that provide inhibitory

function. The short cytoplasmic KIR and the long-tailed KIR2DL4 are activating receptors, which contain a basic amino

acid (+) within the transmembrane domain that interacts with an acidic amino acid (—) within the transmembrane

domains of signaling adaptor proteins DAP12 (green) or FceRI-c (brown), respectively. These adaptors provide intracellular

immunoreceptor tyrosine-based activator motif sequences (ITAMs), in purple, that allow activating function.

To date, little is known about the tyrosine kinases and phosphatases implicated in
KIRs ITIM domain phosphorylation. A potential role for the Ick src tyrosine kinase family
in KIRs function is suggested, since Ick overexpression in NK cells has been reported to
enhance KIR phosphorylation [61]. Literature also indicates that a critical substrate of the
SHP-1 phosphatase recruited by KIR receptors is the p36 adapter protein [62].

The engagement of activating or inhibitory KIRs depends on both their ability to rec-
ognize and their strength in binding specific ligands expressed on target cells (Table 1) [63].

Interestingly, KIRs expression on NK cell surface is not only dependent on the genetic
background but also seems to be influenced by the presence of specific HLA-I ligands [64].

HLA-I genes are located on the short arm of chromosome 6 [65] and are found on the
surface of all nucleated cells. HLA-I are subdivided into “classical proteins”, that include
HLA-A, -B and -C, and “non classical proteins”, referring to HLA-E, -F, and -G molecules.
The level of HLA-I expression is modified by proinflammatory cytokines [66,67]. Thus,
during viral infection, a general upregulation of HLA-I molecules normally occurs in order
to trigger immune system activation, even if viruses have developed different strategies
to decrease HLA-I expression and consequently viral epitopes exposure on infected cells,
avoiding CD8+ T lymphocyte killing but consequently inducing NK cell killing activation.

Once engaged by HLA-I ligands, inhibitory KIRs transduction signal is triggered by
tyrosine kinases and phosphatases activation, in order to induce NK cell inhibition.

Inhibitory KIRs have been described as three distinct protein isoforms. KIRs involved
in HLA-C recognition (KIR2DL1, KIR2DL2, KIR2DL3) are usually monomeric glycopro-
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Haplotype

A

B

teins of ~58 kDa containing two immunoglobulin-like domains (KIR-2D) in the extracellular
region [56]. KIR2DL2/3 preferentially bind HLA-C1, while KIR2DL1 preferentially binds
HLA-C2, showing a stronger affinity than the former. Nevertheless, HLA-C1 is also ligand
for the activating KIR2DS1 receptor, while ligands for the remaining activating KIRs still
remain to be identified [68]. KIRs reactive with HLA-B (KIR3DL1) are ~70 kDa monomeric
glycoproteins with three immunoglobulin-like domains (KIR-3D) [56]. KIRs reactive with
HLA-A ligands (KIR3DL2) possess three immunoglobulin domains in the extracellular re-
gion [69,70] and are expressed on the cell surface as bisulfide-linked homodimers composed
of two ~70 kDa subunits [70].

Members of the KIR gene family are tightly clustered on human chromosome 19q13.4
and consist in 15 gene loci [71], clustered in the Leukocyte Receptor Complex (LRC) re-
gion [72]. The KIR gene family also included 2 pseudogenes, KIR2DP1 and KIR3DP1, which
are part of the KIR2D genes [73] and include an inactivated pseudoexon 3 sequence [74].
These two pseudogenes are not transcribed because of sequence defects [71]; therefore,
they are not involved in encoding a functional KIR molecule. However, the non-functional
KIR pseudogene, KIR3DP1, can be activated through non-reciprocal recombination with
functional KIR genes [73,75]. About 4.5% of the individuals of a Caucasoid population own
a recombinant allele of KIR3DP1, named KIR3DP1*004, that associates tightly with gene
duplications of KIR3DP1, KIR2DL4, and KIR3DL1/KIR3DS1. Despite KIR3DP1 gene being
normally silent, the recombinant allele KIR3DP1*004 contains a novel promoter sequence
that, consequently, allows KIR3DP1 transcription [73].

KIR genes are organized into two haplotypes defined as A and B haplotypes, which
differ in number and kind of KIR genes, as shown in Figure 4 [76].
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Figure 4. Genomic organization of KIR A haplotype and B representative haplotype. Activating KIRs are indicated in violet,

inhibitory KIRs in green, framework KIRs in grey, and pseudogenes in blue.

The A haplotype is characterized by an extensive variability at allelic level [77], while B
haplotype exhibits substantial variation in gene content but low allelic polymorphism [78].
B haplotypes generally possess more KIR genes than group A, including mainly activat-
ing KIRs, except the haplotype B1, which is intermediate between A and B haplotypes
gene content [73].

More precisely, A haplotypes are devoid of activating KIR genes, except for KIR2DS4
(even if it is frequently deleted of transmembrane and cytoplasmic tail), and mainly encode
inhibitory KIRs, such as KIR2DL1, KIR2DL3, KIR3DL1, KIR2DS4, and KIR2DP1 [79]. On
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the contrary, B haplotypes present a higher KIRs variability and are characterized by the
presence of at least one gene among KIR2DL2, KIR2DL5A /B, KIR2DS1, KIR2DS2, KIR2DS3,
KIR2DS5, and KIR3DS1. The remaining four KIR genes, termed framework genes, are
shared by both haplotypes.

Interestingly, there are several pieces of evidence in literature demonstrating that
there are some associations between inheritance of certain combinations of KIRs, into
A or B haplotypes, and HLA genes and susceptibility to several diseases, including
viral infections [54].

4. Modulation of KIRs/Ligands during Viral Infections and Associated Diseases

Viruses have developed several mechanisms to counteract host immune response.
Several viruses (such as herpesvirus, papillomavirus, retrovirus, poxvirus, human immun-
odeficiency virus, and flavivirus) are able to evade NK cell effector functions [80].

In particular, since NK cell activation depends on the loss of inhibitory signals pro-
vided by HLA-I molecules and on the expression of stress or virally induced ligands of NK
cell receptors [81], modulation of KIRs expression and of their HLA-I ligands represent a
key mechanism exploited during viral immune escape. In particular, KIRs modulation by
viruses may involve both direct and /or indirect strategies: the direct mechanisms mainly re-
fer to epigenetic modulation of KIR receptors, while indirect KIRs modulation is essentially
based on the selective expression of KIRs main ligands, that is HLA-I molecules [80,82].

It is known that the distribution pattern of KIR receptors is entirely maintained by
CpG DNA methylation and consequently their expression is controlled by DNA methyl-
transferase enzyme [83]. In this contest, viruses, especially those which have latency
characteristic as Herpesviruses and Retroviruses, could affect KIRs expression at epigenetic
level as a consequence of the modifications that occur during virus life cycle and immune
system activity [84]. In fact, integrated viruses with latent cycle, as Human Immunode-
ficiency Virus (HIV), induce a peculiar epigenetic configuration in the infected cell with
the aim to maximize virus integration [85]. In this way, viruses can take advantage by
epigenetic modifications to up- or downmodulate KIRs expression on NK surface [86-88].

Otherwise, indirect processes of KIRs modulation are represented by the up-
/downregulation of HLA molecules as well, that are known ligands of these receptors
and particularly targeted by viruses.

In fact, the selective modulation of HLA-I expression is used by several viruses to
evade immune recognition and is represented in Figure 5 [89].

This mechanism enables pathogens to escape recognition by CD8+ cytotoxic T cells
(CTLs) which recognizes virus-encoded peptides presented on the surface of infected cells
by class I HLA molecules, such as HLA-A and HLA-B [90].

Many viruses, such as HIV [91] and herpesviruses [92], are able to interfere with HLA-
I presentation of viral peptides, for example downregulating HLA-I surface expression by
increasing HLA-I retention in the endoplasmic reticulum [93] or the endocytosis from the
cell surface, in order to block CTL killing (Figure 5) [94].

The interplay between activating and inhibitory KIRs and their corresponding HLA
ligands is likely to play a role in both viral infection susceptibility and outcome [87,95],
leading to chronic viremia [96] and possibly correlated pathologies [90], as summarized in
Figure 6 and Table 2.

We will report the summary on the main viral infections reported to exploit KIRs/HLA-
I modulation and on their possible implication in human diseases.
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Table 2. Virus and KIRs/HLA association and possibly related diseases.

Virus KIRs/HLA KIRs/HLA Systen1/D1§ease or Effect on References
Frequency Infection Outcome
KIR2DL2 increased Increased susceptibility to [97]
herpetic infections
HLA class I decreased Viral immune-escape [81,98]
HLA-C Increased Viral immune-escape [89,99-101]
KIR2DS1 increased Control of placental CMV infection [102]
KIR2DS1, KIR2DS5 decreased Lower CMV infection cgntrol; abortion, [102,103]
pre-term delivery
CMV HLA-G/KIR2DL4 increased Trophoblast cells; viral immune-escape [104]
KIR2DL1/HLA-C2 increased immunodeficiency syr.1drc.)me, recurrent [105]
CMV reactivation
KIR2DS2, KIR2DL3, . organ transplant; protection from CMV
HLA-C1 increased reactivation [106]
KIR2DL2, KIR2DS1 increased SLE [107]
KIR2DS2 decreased SLE [108]
KIR2DS2, KIR2DL3 increased Rheumatoid Arthritis; worst prognosis [109]
HLA class I decreased Reduced NK cell killing [93]
KIR2DS5, KIR2DS4 increased Increased risk of [110]
EBV lymphoproliferative diseases
KIR2DS2, KIR2DL3 increased Rheumatoid Arthritis; worst prognosis [109]
KIR2DL2 increased Multiple Sclerosis, 1pc.reasec.i susceptibility [97]
to herpetic infections
HLA class I decreased Viral immune-escape [111-113]
HEV-S KIR2DL2/HLA-C1 increased type-2 diabetes [114]

B KIR2DL.2, KIR2DS2 increased Cutaneous vascular lesions [115]
KIR2DS1, KIR3DS1 increased Kaposi Sarcoma [116]
KIR2DL2/HLA-C1 increased Alzheimer’s Disease, NK cell inhibition [117,118]

. Multiple Sclerosis, worst disease outcome,
KIRZDL2/HLA-C1 increased NK cell inhibition, herpetic reactivation [97,119,120]
. IUGR, alterated KIR2DL4+ dNK
HHV-6 HLA-G increased cell function [121,122]
HLA-G/KIR2DL4 decreased Infertility; KIR2DL4+ dNK cell function [123-127]
KIR2DL2 increased Infertlhty,. Mgltlple Sclerc?s1§, mcreased [97,128]
susceptibility to herpetic infections
KIR2DL5 decreased infertility [128]
HSV-1 KIR2DL2/HLA-C increased infertility [129,130]
) KIR2DL2/HLA-C increased Multiple Sclerosis [119,120]
KIR2DL5, KIR2DS5 increased Protection from HIV transmission [95]
HLA-C increased Protection from HIV transmission [131]
HLA-C increased Viral immune-escape (via Nef protein) [132]
HLA-A, HLA-B decreased Viral immune-escape (via Nef protein) [133]
KIR2DL.2, . d Viral i ) (via G tein) [134]
HLA-Cw*0102 increase iral immune-escape (via Gag protein
HLA-C increased Viral immune-escape (via Env protein) [135,136]
HIV KIR3DS1 decreased Higher NK cell function, reduced [137,138]
perinatal transmission
KIR3DL1, KIR2DL2,
KIR2DL3, KIR2DL5, increased Reduced perinatal transmission [139,140]
KIR2DS5, HLA-C
KIR2DL2, KIR2DS2,
KIR2DS3, KIR2DS4, increased Higher susceptibility in the newborn [138]
KIR3DS1
KIR3DS1/HLA-Bw4-801 increased Decreased AIDS progression; [141-144]

protective effect
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Table 2. Cont.

Virus KIRs/HLA KIRs/HLA System/D1§ease or Effect on References
Frequency Infection Outcome
KIR2DS1, KIR2DS2 increased HBV recovered subjects, lower NK [145]
cell activation
KIR2DL3/HLA-C1 increased Protective toward HBV susceptibility [146]
KIR2DL3 decreased CHB [147]
KIR2DL1/HLA-C2 increased Higher HBV infection rate [146]
HBV KIR2DS2, KIR2DS3 increased CHB, increased HBV susceptibility [148]
KIR2DS1, KIR3DS1, . .
KIR2DL5, KIR2DL3 increased CHB, protective effect, HBV clearance [147-149]
. Increased risk of HCC progression in
HLA-C1 increased HBV-infected patients [150]
HLA-C2, HLA-A-Bw4 increased Increased risk for CHB development [147]
KIR3DL2, KIR2DL1,
KIR2DL2, KIR2DL3, increased Poor HCV clearance after treatment [151,152]
HLA-C2
HLA-Cx03:04, KIR2DL3 increased Viral immune-escape [153]
HLA-B*27/KIR3DL1 decreased Viral immune-escape [154-156]
KIR3DL1 decreased . . . . [157]
HCV KIR2DS3 increased Increased risk for chronic HCV infection [158]
. Protective against liver disease in
HLA-Bw4/KIR3DS1 increased HCYV patients [159]
Spontaneous infection resolution and
HLA-C1/KIR2DL3 increased sustained response to HCV [160,161]
antiviral therapy
KIR3DL1 decreased Type-1 diabetes [162]
Enterovirus Induction of antiviral response that
HLA class 1 increased triggers Hashimoto’s [163]
Thyroiditis condition
Parvovirus HLA-I increased SLE, persistent viral infection [164,165]
KIR2DL2/HLA-CL, increased Cerm;(licirffsrll?r?fei?ic(;cﬁraiﬁ y [166]
KIR2DL3/HLA-C1 TS )
neoplastic transformation
HPV Cervix cancer, no increased risk for HPV
HLA-C2 increased high-risk infection and [166]
neoplastic transformation
KIR2DL1 increased Cervix cancer [166]
KIR2DL2/HLA-C2 decreased Cervix cancer [166]

Abbreviations: SLE (Systemic Lupus Erythematosus), HHV-8 (Human Herpesvirus 8), HHV-6 (Human Herpesvirus 6), IUGR (intrauterine
growth restriction), AIDS (Acquired Immune Deficiency Syndrome), HBV (Hepatitis B virus), HCC (hepatocellular carcinoma), CHB
(chronic hepatitis B), HCV (Hepatitis C virus), HPV (Human Papillomavirus).

4.1. Herpesviruses

Herpesviruses have developed several strategies that inhibit NK cell activation by
blocking the expression of ligands of activating receptors or preserving the expression of
ligands of inhibitory receptors, including HLA-I.

Human Cytomegalovirus (HCMYV) viral proteins US2 and US11 have been reported
to shuttle HLA-I from the endoplasmic reticulum to the cytoplasm, resulting in HLA-
I degradation [81,98], while UL16, UL18, and UL40 maintain a locus-restricted surface
expression of HLA molecules, including HLA-C, that act as ligands for NK cells inhibitory
receptors [89,99] (Table 2; Figure 7). Interestingly, HCMV-induced HLA-C expression
includes specific HLA-C modification, as glycosylation [100] and formation of heterodimers
with other HLA-I molecules [167-169] or with viral protein [101], that sustain a differential
KIRs recruitment.
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Viruses (e.g., Herpesviruses, HIV, HBV, and HCV) have evolved different mechanisms to modulate HLA-I molecules or

induce/exploit specific KIRs expression, for example, by production of specific viral proteins to modify NK cell activation

and evade host immune response.

KIRs also play a role in NK cells-mediated clearance of HCMYV infection associated
to congenital disorders such as spontaneous abortion or pre-term delivery (Table 2) [103].
The expression of KIR2DS1 by decidual NK (dNK) cells increases their ability to control
placental HCMV infection, reducing or preventing virus-induced pathology of the placenta
and improving its function. In contrast, pregnant women who lack KIR2DS1, or similarly
KIR2DS5, showed a lower ability to control placental HCMYV infection and developed
complications (Table 2) [102].

Again, HCMYV infection modifies the expression of HLA class I molecules at the
surface of placental extravillous trophoblast (EVT) cells, which typically do not express
HLA-A and HLA-B molecules but do express an unusual combination of HLA-E, HLA-F,
and HLA-G, in addition to low levels of HLA-C. Schust et al. addressed that unlike HLA-A
and -B, both HLA-C and HLA-G expressed in a human trophoblast cell line were fully
resistant to the rapid degradation associated with HCMV proteins US2 and US11 [104],
mounting evidence that HLA-G could interact with KIR2DL4 expressed by decidual NK
cells inducing IFN-y and TNF-« secretion and promoting viral immune escape (Table 2).

In a case study of a child with a novel immunodeficiency syndrome and recurrent
HCMYV infection [105], the entire population of NK cells from this patient expressed
KIR2DL1 in the presence of KIR2DL1 ligand, HLA-C2, raising the possibility that the
strongly inhibitory KIR2DL1/HLA-C2 combination crippled NK cell activity and prevented
a protective NK cell response against HCMV (Table 2). Activating KIR expression improves
the protection during HCMYV reactivation in stem cell transplantation [170] and solid organ
transplant, where a combination of the activating KIR2DS2 and weak inhibitory KIR2DLS3,
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which share the ligand HLA-C1, in the recipient was associated with a decreased risk of
CMYV viremia when both donor and recipient were homozygous for HLA-C1 (Table 2) [106].

CMV has also been described associated to Systemic Lupus Erythematosus (SLE)
susceptibility [171], possibly involving specific KIRs/HLA-I combinations. Hou et al. have
suggested that KIR genotype and HLA ligand interaction may potentially influence the
threshold for NK cells activation mediated by activating receptors, thereby contributing
to the pathogenesis of SLE [172] and also to viral susceptibility. In this study an increased
frequency of KIR2DL2 and KIR2DS1 has been observed among SLE cases compared to
controls [107], while a controversial study by Pellet et al. has observed the absence of
KIR2DS2 in SLE cases (Table 2) [108]. Since KIR2DL2 has been associated to increased
susceptibility to herpetic infections [97], the presence of this KIR gene may represent a
common feature for SLE development in the presence of herpesvirus infections (Table 2).

A recent clinical study has evaluated the involvement of KIR genes in Rheumatoid
Arthritis (RA), in the presence of EBV and HCMYV infections. The study found that the
presence of activating KIR2DS2 and inhibitory KIR2DL3 receptors, in the presence of EBV
and HCMYV infections, might be associated with a worst RA prognosis [109] (Table 2).

EBV encode an miRNA that targets MICB, miR-BART2-5p, resulting in reduced NK
cell-mediated killing (Table 2) [93,173]. Moreover, in the specific case of EBV infection,
KIR2DS5 and KIR2DS4 were associated with increased risk of lymphoproliferative dis-
eases (Table 2) [110].

Human Herpesvirus 8 (HHV-8), also called Kaposi’s Sarcoma-associated Herpesvirus
(KSHYV), exploits an immune-escape mechanism consisting in the acceleration of HLA-I
molecule endocytosis which involves K3 and K5 viral proteins (Figure 7). Interestingly, K3
downregulates the expression of both canonical and non-canonical HLA class I molecules in
humans (HLA-A, -B, -C, and -E), whereas K5 primarily downregulates HLA-A and -B alle-
les (Table 2) [111-113]. HHV-8 infection is notably associated to autoimmune and neoplastic
disorders and KIRs profile seems to play a role in the development of correlated diseases.
In particular, HHV-8 infected type-2 diabetes subjects showed an increased frequency
of KIR2DL2/HLA-C1 pair in comparison with uninfected patients (Table 2) [114], HHV-
8 positive cutaneous vascular lesions were significantly associated with KIR2DL2/DS2
homozygosity (Table 2) [115], and patients affected by classic Kaposi Sarcoma, typically pos-
itive for HHV-8 infection, showed a higher frequency of KIR2DS1 and KIR3DS1 compared
to controls (Table 2) [116].

Human Herpes Virus-6 (HHV-6) susceptibility association to peculiar KIR\HLA-I
expression has been widely described. HHV-6 has been recently distinguished in two
different viruses, HHV-6A and -6B, characterized by different biological features [123]. In
particular, while HHV-6B tropism is more aimed at T cells, HHV-6A is able to infect a
wide range of tissues and differently affects NK cell activation. This peculiarity involves
a differential viral DNA sensing [118] and KIRs modulation and leads to a mechanism
of anti-viral activation, characterized by a Th2 type response and a non-cytotoxic profile.
HHV-6A infection induced PKA activity and phosphorylation of Sp1 in the NK cells, which
may increase expression of KIR2DL2 and thereby inhibit NK cell cytotoxicity (Figure 7).
These findings were reported associated to Alzheimer’s Disease (AD), where the authors
noted that the HHV-6A-induced expression of apolipoprotein E e4, a known marker
for AD, may further inhibit NK cell function, in part by increasing PKA activity, Tau
hyperphosphorylation, and amyloid-beta deposition (Table 2) [117].

Herpesviruses, and in particular HHV-6, were found to have a possible association
with neural pathologies because of their peculiar neurotropism and the ability to estab-
lish latent infections [174], as supported also by the presence of HHV-6 infection in AD
post-mortem brain tissue [175,176] and in Multiple Sclerosis (MS) plaques [177,178]. The
increased susceptibility to herpesviruses infection in neurological subjects seems to be
associated to KIR2DL2 /HLA-C1 expression on the surface of NK cells in both AD and MS
patients [118,119]. This was confirmed by the evidence that patients expressing KIR2DL2
are characterized by impaired NK cells response against herpesviruses, favoring the in-
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fection and possibly disease outcome [97,118]. The ability of herpesviruses to establish a
lifelong latency in CNS, with the potential to reactivate, suggests these viruses as co-factors
in the relapsing-remitting course of MS, particularly in association to KIR2DL2 presence,
since KIR2DL2 expression on NK cells enhances viral reactivations, concomitantly with the
typical relapses of the disease (Table 2) [120]. HHV-6 infection and KIRs are also possibly
implicated in reproductive pathologies, including intrauterine growth restriction (IUGR)
and infertility.

One of the most important KIRs expressed mostly on dNK cells is KIR2DL4. This
receptor is engaged by HLA-G expressing trophoblast cells during placental development,
where it triggers vascular remodeling. Its role during placentation is supported by the
highest KIR2DL4 gene expression in healthy pregnant women compared to patients with
recurrent spontaneous miscarriage [179]. In IUGR placentas, HHV-6 infection has been re-
ported together with increased HLA-G expression which possibly affect dNK cell function
engaging KIR2DL4 (Table 2) [121,123]. It was suggested that this effect on HLA-G expres-
sion and might be due the expression the U94 viral protein [122] (Figure 7). Moreover, the
presence of HHV-6A infection in endometrial cells was reported to be associated with pri-
mary idiopathic infertility in women [123-126], together with altered basal sHLA-G levels
and CD56"KIR2DL4* endometrial NK cell percentages (Table 2) [127]. Furthermore, HHV-
6 endometrial infection in idiopathic infertile women seems to be correlated to the presence
of the inhibitory receptor KIR2DL2, while, on the contrary, the inhibitory receptor KIR2DL5
was found with lower frequency in comparison to the fertile cohort (Table 2) [128].

The possible implication of KIR2DL2 in infertility in presence of herpetic infections
was also confirmed by El Borai et al., who reported the association between Herpes simplex
virus (HSV)-1 and male infertility. The authors found HSV-1 DNA in 24% of semen samples
obtained from infertile males [129], in correspondence to high frequency of KIR2DL2 /HLA-
C combination, compared to healthy controls (Table 2) [130].

4.2. Human Immunodeficiency Virus (HIV)

Concerning HIV infection, HLA /KIR combinations have been associated with virus-
associated disease progression and protection against disease acquisition. The mechanisms
conferring this protection may include the direct interaction of KIRs with HIV-derived
peptide motifs presented on HLA molecules and confirmed by in vitro experiments re-
porting that specific viral variant/KIR combinations associate with differences in NK cell
viral inhibition [23] and that distinct HLA /KIR combinations confer differences in HIV
control [180] and susceptibility [141,181]. In particular, KIR2DL5 and KIR2DS5 have been
associated with decreased odds of HIV transmission [95], in concordance with a study
on cell surface expression levels of all common HLA-C allotypes in African and Euro-
pean Americans [131], which reported an increased HLA-C expression associated with
protection from infection (Table 2).

HIV has the distinctive ability to selectively downregulate HLA-A and HLA-B on the
surface of infected cells through Nef protein (Figure 7; Table 2), without affecting HLA-C
and HLA-E expression [133], controlling in this way both CTL and NK cell activation.
To disrupt the cell surface expression of HLA-A and HLA-B molecules, Nef binds to the
cytoplasmic tail domain and promotes the association of the conserved HLA-I cytoplasmic
tail tyrosine residue with the clathrin adaptor protein 1 (AP-1) [182,183]. Significantly, HLA-
C cytoplasmic tails lack two amino acids necessary for this interaction. As a result, the HIV-1
Nef protein does not downmodulate HLA-C molecules from the cell surface (Table 2) [132].

Besides Nef protein, also HIV Gag and Env proteins participate in NK cell regulation
via KIRs engagement by modulating HLA-C expression (Figure 7).

Fedda et al. identified one HLA-Cw*0102-presented peptide (p24 Gag209-218) that
was recognized by the inhibitory NK cell receptor KIR2DL?2 leading to functional inhibition
of KIR2DL2-expressing NK cells, suggesting that selections of sequence polymorphisms
that increase avidity to KIR2DL2 might provide a mechanism for HIV-1 to escape NK
cell-mediated immune pressure (Table 2) [134].
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Again, it was found that the presence of HLA-C, particularly as free heavy chains,
positively modulates the infectivity of HIV-1 [135] as a result of the association with HIV-1
Env protein at the cell membrane level [136]. This work suggested that HIV-1 envelope
may facilitate dissociation of 32M from HLA-C, leading to higher levels of HLA-C free
chain molecules at the cell surface influencing HIV-1 infectivity.

HIV infection is notably associated to pregnancy problems, due to viral-related im-
mune system dysfunctions [184] and the role of KIRs concerning HIV mother-child trans-
mission during pregnancy has been investigated. In particular, KIR3DS1 has been asso-
ciated with higher NK cells effector functions in early HIV-1 disease, which may lead to
better clinical outcomes reducing perinatal transmission (Table 2) [137,138]. In addition,
KIR3DL1, KIR2DL2, KIR2DL3, KIR2DL5, KIR2DS5, and HLA-C ligands were associated
with newborn protection against HIV-1 infection (Table 2) [139,140].

On the contrary, KIR2DL2, KIR2DS2, KIR2DS3, KIR2DS4, KIR3DS1 receptors have
been associated with higher susceptibility to HIV-1 infection in the child (Table 2) [138].

A role for HIV infection in immune disorders has also been described in association
with particular KIRs.

HIV positive patients expressing KIR3DS1 and HLA-Bw4-801 showed a decrease
AIDS (Acquired Immune Deficiency Syndrome) progression, compared to KIR3DS1 and
HLA-Bw4-80I negative subjects [141], possibly due to a protective effect toward HIV
infection [142]. In individuals infected with HIV, this effect is confirmed by a lower viral
load and the protection against opportunistic infections [185,186]. Moreover, a study
conducted on HIV exposed intravenous drug users from Vietham showed an increased
KIR3DS1 homozygosity and a high prevalence of B haplotypes in HIV exposed seronegative
intravenous drug users [143,144] which could explain the resistance to HIV infection
observed in these subjects (Table 2).

4.3. Hepatitis Viruses (HBV and HCV)

Hepeatitis B virus (HBV) and hepatitis C virus (HCV) account for 70% of the global
burden of liver disease [187], often involved in neoplastic transformation processes. The
clinical outcomes following infection with both HBV and HCV viruses vary considerably,
from clearance of infection to chronic viral persistence, cirrhosis, and hepatocellular car-
cinoma (HCC) [188]. Since the interaction between virus and immune system plays an
important role in pathogenesis, inflammation, necrosis, and fibrosis of the liver tissue [189],
different candidate gene association studies have identified specific immune receptors
associations for both HBV and HCV susceptibility and outcome. Among these receptors,
specific KIR genes have been reported to affect the immune response against viral infections
in liver.

Liver NK cells show phenotypic and functional characteristics that are distinct from
their circulating counterparts. In particular, even if the majority of intrahepatic NK cells
have a CD56"18" phenotype, their CD569™CD16* fraction express lower levels of KIRs
than NK cell subset in the periphery, which may limit their capacity to be adequately
licensed [190].

This hepatic NK cell enrichment is maintained in the inflammatory infiltrate character-
istic of HBV infection. In fact, in order to understand the role of NK cells in HBV infection
it is necessary to first consider the liver microenvironment, well known for its tolerogenic
properties due to the local immunological environment including the cytokine and nutrient
milieu [191,192]. For example, Kupffer cells are able to produce immunosuppressive cy-
tokines such as IL-10 and TGF-{3 that can tolerize local intrahepatic NK cells also affecting
HLA-I and stress ligands expression [193,194]. These modulations, together with KIRs
profile, participate in infection resolution and outcome.

A genetic tendency towards lower activation of NK cells in HBV recovered subjects
was described in presence of activating KIRs-phenotype, characterized, for example, by
KIR2DS1, KIR2DS2 expression, during HBV infection (Table 2) [145]. Other studies reported
that KIR2DL3/HLA-C1 homozygosity is protective toward susceptibility to HBV infection,



Immuno 2021, 1

321

while KIR2DL1/HLA-C2 is associated to high HBV infection rate (Table 2) [146]. In
addition, KIR2DS2 and KIR2DS3 act as HBV susceptibility genes in the presence of chronic
hepatitis B, whereas KIR2DS1, KIR3DS1, and KIR2DL5 may be protective genes facilitating
the clearance of HBV, consequently protecting from cancer development (Table 2) [148].

This latter evidence was supported also by a study on a Turkish cohort that showed a
higher rate of inhibitory KIR2DL3 and KIR3DS1 in the healthy group than in the group
composed of chronic HBV patients and patients with spontaneous remission [149]. More-
over, a case-control study showed that HLA-C1 was associated with disease progression
towards hepatocellular carcinoma (HCC) in HBV-infected patients (Table 2). In particular,
one copy of HLA-C1 alleles was associated with cirrhosis, while two copies were associated
with HCC (Table 2) [150].

In a later study, the frequencies of KIR and HLA genes were compared in subjects
with chronic hepatitis B (CHB) and subjects with resolved infection [147]. Once again, the
inhibitory KIR2DL3 gene was less frequent in CHB (81%) than in subjects with resolved
infection (98%), suggesting the protective role of this KIR in CHB development. Moreover,
the authors found higher frequency of both HLA-C2 and HLA-A-Bw4 alleles in CHB group
compared to subjects with resolved infection and controls (Table 2). No difference was
reported in the frequency of KIR haplotypes between the groups, suggesting that activating
receptors might do not play a role in controlling the infection. The results obtained by these
studies suggest that KIR/HLA combination is able to predict the outcome of HBV infection
and consequently cancer progression.

As well as HBV, HCV can exploit KIR receptors to modulate NK cell response [195],
increasing viral spread and inducing the neoplastic process. Thus, KIR/HLA combina-
tion might influence HCV infection outcome, influencing HCV viral load and the risk
of hepatocellular carcinoma progression [159,196]. NK cells were demonstrated to me-
diate the inhibition of HCV-replication and to exert a targeted cytotoxic action against
infected cells [197,198].

Several KIRs have been identified as relevant to the outcome of HCV infection and
treatment efficacy, including KIR2DL2, KIR2DL3, KIR2DL1, KIR2DS2, and KIR3DL1,
together with HLA-C2 expression (Table 2) [151,152].

In particular, Lunemann and coauthors identified a core-derived epitope that dampens
NK cell responses, and thereby possibly prevents killing of infected cells through this part
of the innate immune system. This 9mer HCV peptide, YIPLVGAPL, is facilitated via
presentation of the viral peptide on HLA-Cx03:04 to the inhibitory KIR receptor KIR2DL3
on NK cells [153]. In fact, this HCV peptide resulted in significantly higher KIR2DL3
binding to HLA-Cx*03:04 suggesting that HCV genotype 1 binding to HLA-Cx*03:04 results
in a sequence-dependent engagement of the inhibitory NK cell receptor KIR2DL3, showing
that sequence variations within HCV can modulate NK cell function, providing potential
pathways for viral escape (Figure 7; Table 2).

Another strategy used in HCV escape consists in mutations at the HLA-B*27 binding
anchor of the epitope [154]. This epitope is present in the viral RNA-dependent RNA
polymerase. The ability to mutate at the main HLA-B*27-binding anchor is dependent on
viral fitness [199]. Misfolded HLA-B*27 may also be unable to engage KIR3DL1, resulting
in increased NK cell activation (Table 2) [155,156]. Moreover, another study reported that
the expression of KIR3DL1 was decreased in individuals with HCV infection, supporting
the role of this receptor in the regulation of chronic HCV infection (Table 2) [157].

HCV patients were found with high frequency of KIR2DS3 receptor [158] and a
protective role for HLA-Bw4/KIR3DS1 against liver disease progression has been also
proposed (Table 2) [159].

Another study has shown that KIR2DL3 was associated with spontaneous resolution
of HCV infection, in presence of HLA-C1 homozygous genotype [160]. At the same time,
HLA-C1/KIR2DL3 has also been associated with sustained virus response to anti-HCV
therapy (Table 2), even if previous data have also suggested that KIR2DL1/HLA-C2
combination may confer stronger inhibitory responses than KIR2DL3/HLA-C1 [161].
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4.4. Other Viruses

In addition, other viral infections have been reported to be associated to characteristic
KIRs asset, including enterovirus, Parvoviruses, and Human Papillomavirus (HPV).

Enteroviruses represent risk factors for T1D and have been reportedly associated to
peculiar KIRs [171]; enteroviruses have been reported to possibly directly affect pancreatic
islets, together with low expression level of the inhibitory receptor KIR3DL1, in TD1
patients (Table 2) [162].

Hashimoto’s Thyroiditis (HT) is another autoimmune disease in which an increased
susceptibility to enterovirus was reported [163], in association with upregulation of HLA-I
molecules (Table 2). The colocalization of HLA class I with STAT1 and VP1 with PKR
indicates an intracellular, antiviral host response, supporting a firm link between viral
infection and autoimmune thyroid diseases which possibly also affects NK cell function
via KIRs engagement.

Parvovirus 9, similarly to CMV and HCV, have been reported implicated in SLE
susceptibility [171], possibly in concomitance to the presence of KIR2DL2 and KIR2DS1
(Table 2) [107,172]. In addition, Parvovirus B19 has been reported in SLE to be responsible
for an aberrant immune activation [164] involving HLA molecules upregulation which
allows a persistent viral infection (Table 2) [165].

HPV infection is known to be the main risk factor for the development of premalig-
nant and malignant epithelial lesions of the cervix [200]. Besides HPV infection, there are
other factors participating in increasing cervix cancer susceptibility. Rizzo et al. demon-
strated that KIR2DL2/HLA-C1 and KIR2DL3/HLA-C1 pairs constitute a risk factors for
HPV high-risk infection, while the increased frequency of HLA-C2 alleles in HPV-positive
patients did not increase risk [166]. In this study, HPV-positive subjects with cervix can-
cer presented a decreased KIR2DL2/HLA-C2 frequency, while KIR2DL1 was found in
most of the subjects. In particular, it has been hypothesized that KIR2DL2/HLA-C1 and
KIR2DL3/HLA-C1 presence could induce NK cells inhibition toward HPV infection, sus-
taining the high-risk HPV-associated transformation and the development of pre-neoplastic
lesions (Table 2) [166].

5. Conclusions

The role of NK cells in controlling viral infection is known and the efficiency in the
control of viral spread and host outcomes is due to the crosstalk between intracellular
signals received from a large repertoire of germ-line-encoded surface receptors.

Among NK receptors, the family of killer immunoglobulin-like receptors (KIR) is
characterized by highly polymorphic activating and inhibitory receptors, involved in
the regulation of NK cell functions. Specific ligands for KIRs are Human Leukocyte
Antigen (HLA) molecules expressed on target cells, whose binding induces NK cells
activation/inhibition.

In this review we have reported the role of KIR receptors in viral infection control by
NK cells. In particular, we reported several strategies developed by viruses to alter NK
cell activation affecting KIRs/ligands expression (Figure 7) and that peculiar KIR assets
have been found possibly correlated to viral infection susceptibility and human disease
development and progression.

In conclusion, the crucial role of KIRs in the control of viral infection suggests these
receptors, together with their ligands, as possible targets for new therapeutical strategies
for viral infections’ clearance and as putative biomarkers for disease prognosis.
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